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TRANSLATOR’S PREFACE 


t 


Prof. A, Blondel was the first writer to publi^i a systematic, 
comprehensive work on Synchronous Motors; and his book, although 
it has now been before the public several years, still remains the 
leading work on that important subject. Owing to the non-existence 
of an English edition, it is not, however, as well known and as muctf 
appreciated as it deserves to be, by English-speaking readers. 

The translation of this celebrated, one might almost say classical, 
work into English, was undertaken at the suggestion of teachers anTl' 
others who were desirious of making more extensive use of the work 
than is possible if the French text alone is available. 

The author and the publisher both accepted the suggestion that 
the scope and the usefulness of the book might be increased matc- 
iially by including in it some reference to “ Rotary Converters.*' 
Excellent material for this purpose was already available in the form 
of a paper presented by Prof. Blondel, at the Electrical Congicss in 
Paris, in 1900. Two other papers presented by him at the Electrical 
Congress at St, Louis, in 1904, also were of sufficient interest in this 
connection to make their reproduction desirable 

It was decided to separate the contents of the book into ihiee 
distinct parts. Part I, relating to Synchronous Motors, corresponds 
to the original French work on Synchronous Motors. Tlie authot 
liimself corrected the French text, and he also supplemented it 
with much new mailer while the translation was in process. The 
proofs of the English text were submitted to several persons who 
were well qualified to criticise the text and suggest iniprovemeiUs 
therein. The French text of Part I is also supjilemcnled by an 
additional chapter contributed by Prof. C, A, Adams, of Hauard 
University. Part I may therefore be considered fairly well biought 
up to date, Part II, relating to Synchronous or Rotary Converters, 
is made up of old and new matter. The old matter (Chapters I 
and II), constitutes a translation of Prof. Blenders Paris-Congress 

V 
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paper of 1900* The new matter consists of three chapters by Prof. 
Bloiiclelj and a chapter contributed by Prof. C. A. Adams. Part III 
contains the reprints of the two papers presented by Prof. Blondel 
at the St, Louis Electrical Congress in 1904, relating to the applica- 
tion of his two-reaclion ” inetliod to alternators. 

A very few modifications and additions have been made in the 
text by the translator. His own strong objections to the terms 
wattless and watted ” made him very willing to eliminate them; 
and the recent action of the Standards Committee of the American 
Institute of Electrical Engineers in sanctioning and recommending 
'^reactive” and active” as substiUitcs, furnished the incentive 
and the pretext for doing this, even after a considerable portion of 
the type had been set. This l)Ook will, therefore, be the first book 
in winch wattless ” and watted ” arc replaced by reactive ” and 
” active ” respectively. 

The translator desires to express his gratitude and sincere thanks 
to all who have encouraged and assisted him in the preparation 
of this book for the press. Special acknowledgment should be made 
of the very valuable services rendered by Prof, C. A. Adams. He 
was the first to suggest the publication of this book, and he has 
made many excellent suggestions, besides contributing two new 
chapters, and also reading and correcting the proofs of the entire 
book. Special thanks arc also due to Prof. E, J. Berg, of the Univer- 
sity of Illinois, for his very thorough reading of the ])r()ofs of Part T, 
and for veiy excellent suggestions for changes and additions made 
by him, some of which arc iiicor ported in notes inserted in tlie text, 
and identified by the initials ** E.JJi.” Thanks for leading the 
proofs of Part I, and making corrections or suggestions are due to 
the following: 

Prof. D. C. Jackson, of Massaclnisctts Iiisliliite of Technology; 
Profs, W, I. Slichter and Morton Arendt, of Columbia Univcisity; 
Pi of. H. PI. Norris, of Cornell University; Mr, A. L. Jones, of the 
General Electrical Company. 

Thanks are due to Mr. C. W, Stone, of the General Electric Com- 
pany, and Mr. W. S. Rugg, of the Westinghousc Electric and Manu- 
facturing Co., for the data relating to American Synchronous Motors, 
given in Appendix B; and also to the Edison Illuminating Company 
of Detroit, Mich., and to Mr. A, A. Meyer of its engineering depart- 
ment, for the information relative to the practical use of synchronous 
condensers contained in Appendix C. 
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The Translator desires to make special acknowledgment of 
the gicat courtesy and kindness of the distinguished author, Prof* 
Andr6 Blondcl himself. The preparation of this book for the press 
has been a labor of love which has occupied very pleasantly and 
profitalDly a portion of the leisure moments of the translator. 
considers himself remunerated amply, for the work involved, by 
great privilege which has been one of the |5erquisites incidental to 
the task, namely, that of closer personal contact and acquaintance 
with the author; and he is very glad to have had the opportunity, 
through this translation, to help make the work and the talents of 
the author better known, as they deserve to be; for, unquestionably, 
Prof. Blondcl is one of the great productive workers of our time 
in pure and applied electrical science. His work, great as it is in 
itself, becomes really wonderful and phenomenal, when the circum- 
stances under which ii has been done are realized and appreciated. 
Though handicapped most unfortunately, by protracted serious 
ill health and physical suJTciiiig, he has, ncvcithclcss, kept well in 
the front lank with his more fortunate contcmporaiies and colleagues 
in the entire world; and he has achieved fame and renown by great 
mental powers, by wonderful originality and versatility, not only 
as a scientist, a tcachei, and an author, but also as an inventor, an 
engineer, and an expert. The great respect which is inspired by the 
])!•() digious quantity and the superior quality of Prof. B loaders work 
turn to absolute wonder and to profound admiration, Ijcfore the 
wonderful activity and the uiUiring energy of his highly gifted, 
well-trained mind. No tribute of i)iaise is loo great for the woik of 
this man, who is at the same time a genius and a liero, willi an 
innate love of science and a devotion lo scientific progiess which 
uphold and uplift him, and urge him onward, quaiid in spite 

of ill-healtli and physical suffeiing, to new researclies and new 
achievements. 


New York, Pcccmbci, 191:2. 
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INTRODUCTION 


Classification of Singlephase and Polyphase A,C. Motors. An 
alternating current motor comprises, like any dynamo-electric machine, 
an inducing magnetic fiehl and its induced circuit, the one turning with 
respect to the other. But, while the field of D.C. motors is always 
constant, that of A.C. motois may be either constant ^ aUetnating^ or 
revolving^ according to whether it be 'produced by a direct current, 
an alternating current, or a system of polyphase alternating currents 
serving to excite windings suitably interlaced. Therefore, as was 
proposed qiiile logically, in 1891, by K. Hospitalier,^ AC. singlephase 
and ])oly|)liasc motors can be tlassified according to the nature of their 
magnetic fields, into thiec classes: 

(1) Constant field motors. 

(2) Alternating field motous. 

(^0 Revolving field motors. 

'Fhe fust tlass tonslUules the suliject-mattcr of the present book, 
the second and third classes Ijcing reserved for anothei volume. As 
will be seen, these three ( lasses each contain singlepha.se and poly- 
f)hase motois. 

('onstant field motors can also be characterized l)y the fact that the 
armatiire-iotation can be mainlainccl at a single speed only, \^hich is 
symhronoiis witli the altei nations of the currents employed. We 
will Iheiefore tall them, moie fre([Uently, in accordance with common 
custom, symhronoHs motors, in contradistinction to the two oilier 
classes, which may he c haiactetized as asynchronous or non-i^ynchronoits. 
For the sake of grealci precision, we will apply the latter cjualification 
to molor.s of the last class only; and since alternating-field motor? 
(with one single exce[)tion, which is of little imfiortance) are char- 
acterized by the use of a commutator similar to that used with D.C. 

^ Bulletin cle la SocielcJ francaise tie physicjiie, 17. Juillct, 
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machines, we will give Ihcm the more distinctive name of CommiUalor 
Moiots, 

Synchronous Motors. A synchronous motor can be defined as 
being, merely, an alternator used as a motor. The transmission of power 
between an A.C, generator and an A.C, motor is, therefore, nothing 
more than a particular case of the coupling of two alternators in syn- 
chronous operation. Indeed, it is precisely through the study of the 
features of the coupling of alternators in parallel that the occasion 
presented itself of noting the phenomenon of the reversibility of alter- 
nators t til at is to say, the possibility of using the same machine both 
as a motor and a generator, provided that it shall have been previously 
brought to a speed absolutely equal to that of the generator which 
supplies it with current, 

Wc can easily understand the possibility of operating such a motor 
by comparing it to a motor with commutated current, It is known 
that if the current of a shuttle armature of the Siemens type 

is commutated at each half revolution, the motor-couple is always 
in the same direction when the machine is supplied by direct current. 
In an A,C. system, the same result is obtained without a commutator, 
because the direction of the supply-current changes at each half revolu- 
tion, and this effect occurs only when the motion of the motor is syn- 
chronous, that is to say when the armature advances the distance of 
one pole during one alternation of the supply-current. 

Although this propeily was noted as early as iSGq by Wilde, ^ 
it passed unnoticed during more than ten years, and it lia.s really been 
^own only since the experiments of J. Hopkinson and (Irylls-Adams, 
at the South Foreland Lighthouse, in 1883. 'Phe Mcmoii of Hopkin- 
son ^ (in which, without knowing the work of Wildo, he gives the 
explanation to which icferencc will be made later), was epoch-making 
in the history of alternating currents. 

In the South Foreland cxpcrimcnls, the alternators used were three 
similar de Merilens singlcphase alteinating current maclilnes, all 
belt-driven from a common source of power, 

* Wilde, On Prol)eriy of ihe Cutreni to Conlroi and Render 

Synchronous the Roioiwnsof the Armature oj d X umber of KIcctromagneiic Induction 
Machines^ Philosophical Magazine, January, 1S69. 

^ Hopkinson, On the Theory of AUenmiive Currents^ Particularly in Reference to 
Two Alternate Current Machines Connected to the Same Circuit, Journal of the 
Society of Tclegiaph Engineers, i88.r, p. 496, V(j 1 . Xlll, Sec also the paper on 
The Alteruiite Current Machine as a Moicr^ by Grylls-Adams, presented at the 
same meeting. 
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These machines could be easily coupled in parallel, as generators, 
by bringing them to the same speed before coupling them. The belt 
being then removed from one of them, it was observed that it con- 
tinued to run synchronously by the action of the current of its neighbors, 
and that it could even develop a considerable amount of power, as 
measured by a friction brake, before losing its synchronism, These 
experiments were repealed a few years 'later by Mordey, on a much 
larger scale, with machines of low inductance presenting a much greater 
stability of operation and driven by independent prime movers. He 
was thus able to demonstrate the synch mnizing power of the alternators 
on the motors or engines driving them, and even to cause one of the 
latter, with the ])ower shut oif, to be dragged by one of the alternators 
which it was driving. This gives the key to the principles involved 
in parallel working. He also showed, later, the possibility of accom- 
j)lishing this coupling witli machines connected by means of long lines 
of high resistance, 

Synchionous singlephase motors have two great disadvantages: 
they ate not self-cxciling, and they cannot start alone, even without 
load Zipernowsky was the fiist to overcome this difiiculty by the 
expedient of adding a eominutatoi to his motois, which enables them 
to be staited A\ilh alternating current, and, aftei they have attained 
syiu hionous speed, to be excited by a poition of the a! lei na ting cm rent 
whiih they lonsumc 

'Phese motors, maim fat. lined by the firm of (Ian/ & ('o., had a 
((‘rlaiii vogue, in (onset|Uencc of the tests made of them at Frank- 
fort, in 1890, by a Tethnkal Commission. The eOKieiuy was .satis- 
factory, being 77 pel leiit for motors of it; 11 P., and 80 per cent for 
motors of JO H This system is no longer used at the ]jU‘sent lime, 
except for small powei’.s (i to ^ II V ). 

When the invention of fyolyp/itisc ciirrciih became known, it led 
natui-ally to llie idea of lUili/ing them for the transmission of power 
between two synchronous machines of the same type. Bradley, in 
America, and llastTvandei, in (Germany, took out patents, as early 
as 1887, the f()i*mer* on a two-phase synchronous motor*, and the latter 
on a three-jjhase synchronous motor In both cases the motor was 
produced by making taj)S on a (Ira in me ring and connecting these 
wutli insulated rings mounted on the ai mature-shaft. Non-synchronous 
motors w^ere only invented in the following year, by Ferraris and by 
'i esia. 


La Luniic're Electiiciue, Vol XXXII (i88c^), p. 328 
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It was 111 1891, at the Frankfort Exhibition, that synchronous poly- 
phase motors, with (lat ring or Gramme ring armatures, constructed 
by the firms of Schuckert and of Lahmeyer, and of sizes as large as 
50H.P., were seen, for the first time, alongside the first non-synch ronous 
mo'tors of Dolivo-Dobrowolski and of Brown, 

Since that time the princijile of synchronous motor operation has 
been extended to ordinary polyphase alternators, with any winding 
whatever, stationary or movable, with poles alternating or not; and 
the only improvements that have been made have been in the means 
of their excitation or of starting them. 

In 1890-1 Swinlnirne had had the idea of producing, by means of 
over-excited synchronous motors, l!ic relatively considerable magnetiz- 
ing current consumed by his “ hedgehog transformers. Under these 
conditions the motor played the same role as a condenser, This very 
* interesting property was utilized industrially in 1893 in the Bulach- 
Oerlikon power- transmission installation, at the suggestion of Dolivo- 
Dobrowolski; and it was also used in the distributing system at Bocken- 
heim, ])y Lahmeyer, to compensate for the wattless current of the 
non-synchronous motors, and even for raising the voltage of the gen- 
erators. This method has come into extensive use at the pre.sent lime, 
especially in the United States. 

It con.sti lutes an advantage in favor of synchronous motors, and 
it has prevented them from disapjjcaring from the commercial field, 
after the devclo])ment of motors of i evolving field type, which are quite 
superior to them from other standpoints, notably in regard to starting 
power, It is desirable to utilize, wherever iiossiblc, both these types 
of motors in distributions of mechanical power. Tlie syncliu)nous 
polyphase motors arc especially useful. They start readily without 
load, are self-exciting, and have an efficiency equal to that of alternators. 

The princii)al objection to synchronous motors (wlncli is, liowcvcr, 
in certain cases, an advantage) is the impo.ssibility of modifying their 
speed of rotation (without modifying that of the generators). Revolv- 
ing field motors arc superior to them in that respect, but this advantage 
is obtained at the expense of efiicicncy. Commutator motors, of 
which no mention will be made here, arc alone ca])al)le of running 
at all speeds, the same as direct current motors; and for this reason 
they present a certain amount of interest. 
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PART I 

SYNCHRONOUS MOTORS 


CHAPTER I 

GENERAL PRINCIPLES OF SYNCHRONOUS MOTORS 

Construction. Synchronous motors have the same construction 
as alternators. The few sjjccial fealurcs relative to the production 
of the direct current notessary for their excitation will be treated sepa- 
rately, later. It will be assumed 
that the reader is already familiar 
with the general details of con- 
.striution of alteinalois. 

"I'iiere are motors iiaving mov- 
able ai matin es and slationaiy fields, 

01 vice veisa, ami also motors with 
revolving iion masses in which all 
the windings aie stationaiy These 
machines are similar to the gen- 
erators of the same types, for 
examjile, Fig. i indicates, diagram- 
matic ally, the inincijile of construc- 
tion of a two-phase synchronous motoi, with a ring at mature and mov- 
able fields, leceivingan exciting cuiient thioiigh the biushcs hi and b2 
These motors are designed like genera tois, the essential condition 
to be fulfilled being to have a low arniaturc-reaclion and |)owerful 
inducing fields, in ordei to obtain good stability. 

Although it is more diflicult to increase the number of poles 
for small powers than for large powers, the constuicUon of small 
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synchronous motors for ordinary frequencies (40 to 60 cycles) 
piesents no special dinicultics, if the speeds corresponding to these 
frequencies are not objeclionahle, because these speeds are perfectly 
allowable so far as centrifugal force is concerned. 



On the other liand, in the construction of small synchronous motors 
to run at low angular velocities, it is extremely difTicu It to find space for 
the numerous conductors and for tlic exciting or field coils, udiich 
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must produce as many ampere-turns as in lu 

For this reason non-synchronoiis motors are , 

rotative speeds. 

The author has been able, however, to produce motors of low 
(a few hundred watts) which have moving iron and have a very high 
number of poles (as many as 50 for example), by utilising induction- 
type excitation, the magnetic circuit being closed exteriorly, as shown in 
Fig. 2, in such a way as to allow all the space needed for the exciting 
coils. 

These coils can then be replaced ])y permanent magnets, thus 
producing motors which run without excitation, at speeds suHicienlly 



low to be synchroni/eri by hand, and which can rendci useful smice, 
ill ceitain applications, siuh as oMillographs For this piuijose 
the aiithoi (uvferably emph^js a small hoiseshoc magnet that is made 
to revolve around a slationaiy aimatine having a number of poles 
wbich is a miihi[)le of 6, It is possible, in this way, to obtain vciy 
stable symluonous rotation of a revolving mirror without expending 
more than i A to 2 watts 

Scveial 111 ms made a sjxaial'ty of synchronous motors, at an early 
date, among which w'e may mention La Sodete riulairage Klcctri<[ue 
in France, and the Fori Wayne Com])any in America. 

One form of motor constructed in Fiance Ijy the Societe TKclairagc 
Elcctriquc (Figs. 3 and 4), is constructed for polyphase currents or 
for single-phase currents, for powers ranging from i to 130 H.P The 
table on page 5 gives the principal data referring to these matters. 
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The eHiciencies of the three-phase motors are a little higher than 
those given for the single-pliase motors. The horse-powers given in 
this table correspond to a frequency of 42 pcriod.s, hut these motors 
can be also used at frequencies between 40 and 60 periods, and their 
power then increases with the frequency. 

As the table shows, types Nos. 14 to 30 are made with 4 poles, 
sclf-cxciting. Por higher powers, the number of poles increases, and 
the excitation is obtained by means of a small direct current exciter 
mounted on the same base. Above type 90 the armature is stationary 
and the Helds turn inside. The fields arc of mild cast steed, the jirma- 
Lures being slotted. 



Fig. 4. 


As an example of these large motors may be cited .several from 50 
to 100 H.P., giving the best of results on the power-tiansniission system 
around Grenoble, notably at Voinjii, a distance of 30 kilometers from 
the generating station, 'f'heir clTiciency is from 90 to 92 per cent. 
One of these motors even woiks in ])arallel with a sleum -engine of the 
same power, and it compensates bn* the variation of angular velocity 
of the engine as it passes the dead centeis. 

All these motors are provided with a clutch and with an idle pulley 
for starting, as will be explained later. When running, they can 
undergo considerable variations of load without falling oxit of step. 

Attention should also he called to aiiollicr intorc.sting type of syn- 
chionoiis motor, the Maurice Leblanc type, which is characterized 
by the addition of closed circuits in the pole-pieces lo insure a perfect 
damping of oscillations, as will be seen later. 
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SINGLE-PHASE AND THREE-PHASE SYNCHRONOUS MOTORS OF 
THE "SOCIETE L’ECLAIRAGE ELECTRIQUE" 
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Experimental Properties. As already stated, it is an experimental 
fact that synchronous motors can only l)e run after they have first been 
1)1 ought to synchronous speed by some external means. As wWl i)c 
seen later the motors tlicmselves can run indilTereiUly in cither direi- 
tion, but the direction of rotation selected in bringing them to syn- 
chronism should be that which is suitable for the brushes of the motoi 
or of the exciter. 

Case of Equal Electromotive Forces. Let us suppose that the 
electromotive forces of the generator and motor are c(jvuil, an<l, to 
sim|>hfy matters, let us take, as generator and motor, two machines 
whose excitations are icgulatcd to ai)|>roximiitcly the same value. 
Let the two machines be diiven by belts (Fig. 5) ; and, when they have 
attained the same speed, let them be cou])lcd together (expeiimcnl 
of Hopkinson and Grylls-Adams). Let us, moreover, make use of an 
apparatus of the kind described in Chapter VII, whereby the clifTerence 
of phase between the two machines may be determjiiined. 

It will be noted, in the first place, that as soon as the two machines 
are brought to the same speed, the current which passes from the one 
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to the other practically disappears. Moreover, the phases arc iden- 
tical/* i,e., the poles of like polarity pass at the same lime in front of 
the corresponding porlions of the two armatures. 

The induced E.M.F,*s between the corresponding terminals a, 
bt and >d, R, are therefore in unison. If wc measure them, on the con- 
trary, in the direction in which they appear, by following the circuit 
abf BA, it will be found that they are exactly opposed to each other, 
Let us now suppose the belt of one of the two raacliincs to be removed, 
This machine will continue to turn at the same speed, but it gives indi- 
cation of a certain very slight delay or falling behind, technically 
termed ^Mag/* with respect to the other machine. Moreover, the 
current in the circuit now becomes appreciable, 

If a brake be placed on the pulley and if the load be gradually 
increased in such a way as to increase the mechanical power produced 



by the motor, the lag ’* of the motor will be seen to increase at the 
same time as the current. 

When this lag approaches a quarter of a period, i.e., lialf an iiitor- 
polar space, the machine slows up all at once and slops as if held fast 
by the l)rake. Wc then say that it is stalled,” or “ out of synchi on- 
ism,” or “out of step.” The current in the circuit rises to a very high 
value as soon as the machine falls out of synchronism; and it becomes 
approximately equal to the short-circuit current in the circuit when the 
machine is stopped. In Older to avoid accidents, it is necessary to 
introduce fuses in the circuit, or to provide some automatic disconnecting 
device, wliicli will prevent the excessive load. 

It is seen that what characterises the synchronous motor is the 
increase of j)hase-lag with the load and the “stalling” of the motor 
or il.s falling out of step beyond a certain maximum load. 

In a good motor, the limiting load should amount to at least 1.5 
limes, or, better, to twice the normal load. This limit is guaranteed 
by most makers of synchronous motors. 

On the other hand, if the motor is run by a belt in such a way as to 
give it a “ lead in phase,” with respect to the machine or the circuit 
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which supplies it with current, it can be found, by wattmeter measure- 
ments, that this power changes in slgri} i.c,, the motor acts as a brake 
and returns energy to the circuit instead of receiving it therefromc 

The phenomena become more* complicated still on varying the 
E.M.F. of the motor or of the generator. 

Case of Unequal Electromotive Forces. An interesting and char- 
acteristic property of synchronous alternating current motors, and 
wliich distinguishes them absolutely from direct current motors or from 
alternating current motors having commutators, is that they can be 
excited so as to give a voltage greater than tliat of the supply-circuit. For 
example, it is possible to feed, from a jio-volt circuit, a motor which, 
driven by belt at the same speed, produces an E.M.F. of 120 to 150 vol(s 
at its terminals. Rut, if the JD.M.F.'s are thus unequal, the current pass- 
ing between the generator and the motor, when tlie latter is running with- 
out load, can, instead of being inappreciable, attain a considerable value. 
Likewise, when the motor is running with load, the current is greater 
Ilian that wiiich corresponds to the work to be done. The same effects 
are produced when, instead of giving to the motor an excessive excita- 
tion, it ih given an insunicicnt induced E.M.F. It is then observed, if 
the machinc.s are alike, that the potential difference at llic terminals 
assumes a Lhiid value, which is the mean of the two E.M F ’s involved. 

In both cases, the greater the inequality between the I wo E M.F.’s 
the moic the ciurent measured will increase, by tlie change of excita- 
tion. If we plot a diagiam, taking, as abscissa', the values of the excita- 
tion of one of the machiae.s, and, a.s ordinates, the current passing 
through the c in nil, the curve of variaia)n of the lattei, as a function 
of the foimer, has the form of a V more or less rounded at the bottom 
(Fig, 6) "J'hls form peisisls, although it may l)e less marked, when 
a coiLstant load is placed on the brake At the same lime that the 
current imreases, by reason of an ine(|iiality of the K M.F *s, it can be 
noted, i)y means of an apjiaratus for indicating phase-diilercnce, tliat 
the current undergoes a thange of jiliasc, either forward or backward, 
with respect to the E.M.F. of the motor. This can be c.xpressed in 
another way by saying tliat the machine consumes or produces waiiless 

current,^ i.c., current which of phase, being ^ behind oi ahead 

of the E M.F. Idiis “ wattless ” current, which has the effect of increas- 
ing the ^^ipjmreiit current, is thus named because it produces no 
work, the load on the brake remaining constant, by hypothesis. 

1 Sec note at bottom of page 42, 
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The clTecl of this wattless current is, therefore, to produce, in the 
motor, a supplemental positive or negative which adds itself 

to its own induced E.M.F,, in such n way as to produce, at the terminals, 
a clifTerence of potential equal to that of the generator. We can con- 
clude from this, without further argiimenl, that when the motor gen- 
erates an E.M.F. which is too low, the current of the generator lends 
to ovcr-excile it and that, in the contrary case, it lends to undcr-excile it. 

The action of the current on the generator itself produces inverse 
cfTects, 

The clTccts are more complicated still when resist anccs or induct- 
ances arc added in the circuit between the machines, with the general 



elTect of lowering the voltage. Synchronous operation remains possible, 
nevertheless, oven when the resistance attains high values, t 

When the circuit includes reactance it is observed that, by over- 
exciting the motor, the voltage will be raised at its terminals, and even 
at the terminals of the generator, so as to allain values which arc higher 
than the E.M.F. of the generator, measured with open circuit. On the 
contrary, by undcr-exciling the motoi, it is possible to pioduce increas- 
ing and rapidly exaggerated voltage-drop along the whole line: 

' When tlic resistance is high, say 75 per cent, IL imy be iicce.ssary 10 
acid some external reactance, so as to cause the current to lag more behind 
the cross E.M.F.— (E. J. B.) 
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An ovcr-cxciled synchronous motor, connected to 
alternator having excessive armature-reaction, cc 
excitation of the latter. It is observed, indeed, 
this excitation, tlic generator continues to run the motor, and furnishes 
the normal voltage at its terminals; but it can develop only little power. 
An ovcr-excited motor thus produces an indirect self-excitation which is 
equivalent to that obtainable from a condenser. There is, in other re- 
spects, a complete analogy of effects between the two forms of apparatus. 

These experimental results are much too complex to be studied 
more in detail here, They can be discussed more satisfactorily later, 
in connection with the theory of these motors and their applications, 
Elementary Explanation of Polyphase Synchronous Motors. If 
we turn our attention, first, to polyphase synchronous motors, the 
explanation of the phenomena just described is made easy by the con- 
sideration of revolving magnetic fields. 

For the sake of brevity we will adopt the terms rotor ” and stator ” 
to designate the movable and fixed portions, respectively, of the motor, 
in accoidancc with the terminology of Professor S, P. Thompson. 

Let us take, as an cxami)le, a motor having two paiisof pole-j)ieccs, 
in which the inductive circuit is of movable form (rotor) and the 
induced ir ciicuil)J)f stationary form (stator), 

In the ordinary form of polyphase alternators, the rotor will 
consist of a crown of iion cores, with piotruding poles excited i)y 
coils receiving diicct current from a separate exciter. The stator, 
on the o til Cl hand, wdll consist of a circular core of laminated iron 
having some induced w' in dings disposed in notches or slots in such 
a manner that the wa'res in the successive slots shall have alternating 
currents of different phase passing through them. If we suppose, 
for example, that we have a winding for four poles and for six phases 
(three slots per ]k>1c) such as is shown in Fig 7 , the wires in the six 
slots which cover two poles of the stator, as w'c follcnv along the periphery 
of the lattci, will have, passing through them, six currents ‘ wdiich are 
out of plia.se with icspect to eacli other by | of a period, and wdiich can 
be leprescntcd by the equations 

i\ — /q sin (of\ 

/2 = /osin 

jcality, the six phases arc supplied by three-phase currents only, the 
windings which arc of exactly opposite phases being connected in scries, with 
reversed connections. 


th^torrtinds^f^an — 
that on suppreg^lft^ 
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sin 


sin 


sin ' 


iQ^Ia sin 


2;r 



ill which 



T being I he com in on duriiLion of the |)cria(l of the altornaling currents 
considered, /q their common aniplitutlc (i.c., niiixinium value), and 
iit hi k) i'U hr hi currents ill the slots i, 2, 3, 4, 5, 6. 

n will be seen that, at every one-sixlli of a period, the currents in 
the stator lesume the same values, but the latter aic (Usi)laccd one- 
sixth of the width of a cloiiiile ricld (2 poles) in the direction in which 
the currents succeed each other along the stator. Therefore, the axes 
radiating from the magnetic fields produced by llic windings of the 
stator displace themselves around this stator with an angular velocity; 

CO 

cni responding to a number of turns 


-fr 

60 , 

= per niimite. 
pi 


UENJURAL rUINGIX'LES OP SYNCHRONOUS MOTORS 11 


The magnetic strength of these fields can be considered practically 
constant inasmuch as it also resumes the same value at every onc^sixth 
of a period (altliough it may, in the intervals, undergo slight variations 
which arc dampened by tlie hysteresis and the eddy currents 
j produced in the polo-pieces of the rotor). Therefore, even though the 
armature (stator) may ])e stationary, the result is the same as if it had 
rcXvolving poles which attract or repel the poles of the field (rotor) 
and we can, henceforth, reason as if we were dealing with the attrac- 
tions of tivo systems of magnets presenting the same number of poles 
which are allornalely north and soulli in polarity. (Fig. 8.) The 
poles of unlike polarities?, of the two sys- 
tems, attract each other; the others repel 
each other. Therefore, when at rest, the 
poles of unlike polarity will always face 
each other. If the external magnets begin 
to lotate slowly, starting from rest, they will 
drag with them the stationary magnets, 
whose ])oles tend to remain opposite the 
poles of unlike polarity. (This lesult may 
be obtained by sup] dying the motor with 
tunenl obtained from a generator uhich 
is started from lest and, consequently, gives polyphase cunents of 
iiu rea.sing frequency.) 

'fhe attractions can only be concordant ami continuous when Ihc 
two system.s turn at the same S[)cecl, which explains the nece.ssily of 
syuihronisni Otherwise, there would only bo siuccbsive altrac lions 
and lepulMoiis whicli would neutralize each other, 

'rhe stability of sync luo nous ()])eration is also easily denionslialed 
by consideiing the moment of the molor-c oujde (i.e , ihe toniue) If 
the poles of the lotor remain oj)positc the i evolving jkjIcs of the stator, 
the attractions [)rc)du(.e(I are directed racliallj and coiisecjuently tlicy 
produce a motor-couplc or torque wdiich is equal to zero. If, on the 
contrary, for any icason w'luilevcr, the rotor loses or gains s|>ee(l, some 
tangemtial attractions or lepulsions will aj)pcar, whose lesiiltanls tend 
to bring back the ofjpositc poles of the roUw into coincidence wdlh the 
poles of unlike polarity of the stator, so long as the poles of the r’olor 
I'emain near these, becau.se the attractions of unlike jjolcs and the 
repulsions of like poles act in the .same direction; ]>ut if tlie difference 
in jdiase amounts to one intcrpolar sj)acc, the poles of like sign of the 
rotor and stator will be opposite each other, the motor-couple or torque 
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wijl become ijoro, and will Ihcii change sign if the difTcrencc in phase 
increases. By icason of the symmetrical construction of the motor 
the torque will have ]}oinls of maximum and minimum value at equal 
distances between the points of zero-value, i.c., in the positions where 
tliG poles of the lotor are midway between the poles of the stator. 

To sum up, taking as abscissa) the difference of phase I of the poles 
of the rotor, expressed in terms of the inlerpohir space /w, tand taking 
as ordinates the torque C, the representative curve will take the form 
shown herewith (Fig. 9), the magnetic strength at the arinalurc-i>olcs 
being supposed constant, i.e., assuming the currents that produce this 
magnetic flux to be constant. 

The machine will have stable operation for the cliiTcrencc of phase 
comprised between the two maximum points B and C (the positive 
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maximum l)cing due to a lagy and the negative maximum being duo 
to a lead)y liecausc every accidental advance (or lag) is corrected 
of itself by a contrary variation of the torque. If the rotor lags, for 
example, in consequence of a^iassive mechanical lesislance, the increase 
in torque compensates for this lesisiance. 

When the motor is running without load, its condition corrcs[)OiKls 
to the iiositioii O, at which thcic is no phasc-dilTerence, When the 
motor is loaded, i.e., whenever iiiccluinical resistance is applied to the 
shaft, the position of the poles of the rotor changes in phase and comes 
to a point such that the couple O'm shall balance the resisting couple. 
If the icsisting couple is greater than the maximum torque, the machine 
can no longer run; and even lor positions of m which arc a little 
below My the machine will fall out of step, in consequence of unavoid- 
able oscillations. 
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On the olhcr hand, to obtain a difTcrcnce of phase aheady between 
O and Cy it is necessary to apply to the shaft an effort in the direction 
of rotation, i.c,, it is necessary to apply to the shaft a certain amount 
of propelling power which must, evidently, be transformed into elec- 
trical energy. 

The armature current has been supposed constant In practice, 
it is the voltage of the supply-circuit which is constant, at its terminals; 
and the question is thus complicated by the spontateous variation of 
the current with the variation in phase-difference. This variation, 
itself, depends on the ratio of the induced E.M.F, of the motor to the 
voltage applied at its terminals. 

In fact, as they displace themselves before the armature at the 
synchronous speed, the poles of the inducing field induce in the wind- 
ings counter E.M.F.'s. which are of the same order and magnitude as 
the voltage at the terminals. If, mentally, we locate the E.M.F.^s. in the 
wires which are placed in the slots, wc perceive readily that the E.M.F. 
in each slot varies periodically and passes through a maximum at the 
moment when the middle of a revolving pole comes in line with the 
slot. The axes of maximum values of the induced E.M.F.^s therefore 
coincide with the axes of the inducing poles, and revolve with them. 
If the currents were in i)hase with the E.M F.’s, they would give rise to 
revolving fields whose axes would be retarded in phase by an amount 
e{|ual to half the width of a pole, since each conductor forms a coil 
with a conductor similarly placed, l)ut in the contrary direction, under 
the next \)o\c. 

But we must take into account the voltage at the terminals, with 
which the induced K.M.F. combines, and also the .sclMnduction of 
the machine, which throws the cuireni out of phase ijy a tjuarter of a 
period, i.e., lialf an intcrpohii space. Therefore the question can only 
be treated witli j)recision by calculation, as will l)e .scon later. From 
the qualitative point of view, the result differs hui slightly from the 
preceding result. The form of the curve of tor([ue remains anah)gous 
to that of Fig p, Inii it is no longer so symmetrical, and the lags OC 
and OBy which <leterminc the limits of stability, take a value, which 

is a little lower than — , and which is defined hy the relation 
2 



wL and R being, respectively, the reactance and the resistance of the 
armature circuit. 



u 


SYNCHRONOUS MOTORS 


It will be observed tliat, when the current is in phase with the induced 
E.M.F.j the magneto-motive force of the armature-rciiction has no 
action on tlie inducing field, and can only produce a transverse dis- 
tortion of the field; while, on the other hand, when the current is out 
of phase onc^fourth of a period in advance, or lichind, the M.M.F. is 
directly opposed to, or coincident with, that of the field. With regard 

to the sign, it can be easily seen that a phase-dilTerence of - in advance 

2 

of the induced E.M.F, produces a magnetizing reaction whicti is the 

same as in a generator, and that a phase-difTercncc of - behind pro- 

2 

duces a demagnetizing reaction. It must not be forgotten, however, 
that the internal E.M.F, is opposed to the external E.M.F. and that 
the lag and lead are therefore transposed if they arc referred to the 
latter. 

Elementary Explanation of Single-Phase Synchronous Motors. 
The phenomena are more complicated in single-phase motors. Tlie 
same explanation may nevertheless be retained by means of a simple 
artifice of reasoning. 

The coils of the armature-winding, being excited by a single alternat- 
ing current (Fig. lo), produce poles which no longer revolve, Init are 
stationary. These poles are alternately 
po.sitive and negative, and have a mag- 
netic flux which varies periodically like 
the current that produces it. There is, 

Iherefoic, no tendency to rotation; and 
the motor can only be put in operation 
by external means, as already seen. But 
wc may suppose it brought jireviously 
lo synchronism. 

M, Maurice Leblanc has enunciated a theorem which is an elec- 
trical analogue of the following well-known optical tlicorcm: A 
vibration of luminiferous ether polarized rectilinearly may l)e replaced 
by two circularly polarized vibrations of contiary sign having tlie same 
frequency and having amplitudes equal lo the half amplitude of the 
rectilinear vibration. 

According to M. Leblanc’s theorem, an alternating stationary mag- 
netic field may be replaced by two fields revolving in contrary 
directions, each liaving a flux half as large, and having equal velocities, 
such that they advance a distance equal to that of two poles during a 
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single period. The fields turning in the same direction as the 
inducing poles will have the same angular velocity as the latter, 
and will drag them in very much the same way as in polyphase 
motors. On the other hand, the fields which turn in the opposite 
direction will have a relative velocity, 2 a', which is contrary to and 
double that of the field-poles, so that their attracting or repelling 
actions, since they succeed each other in inverse directions, will 
produce no resisting torque. These reversed revolving fields will 
give rise only to supplemental losses by hysteresis and by eddy 
currents. 

By this simple analysis (which is, in reality, only approximate) 
the operation of single-phase motors can, it is seen, be discussed and 
ex])laincd in the same way as that of polyphase motors. 

It has been sup])osed, in what precedes, that the armature is station- 
ary and the field movable. In the contrary case the explanation is 
the same if wc consider the relative velocities of the two portions, but 
the fields displace themselves only with respect to the armature and 
thcicfore remain .stationary in space the same as the field-poles. 

Equations of Synchronous Motors. Analytical Theory, We have 
just examined llic phenomena of synchronous motois from a physical 
point (^f view. We shall now re])iesent them analytically, according 
to liic tlieory fust expounded by Dr. J, IIo[)kjns()n, but with a few 
modifictilions in form, AVc shall su[)posc with him that the E iNf F ’s 
and (urienls follow the sinusoidal law, and that the reiu lances of tlie 
machine aie c onslanl 

Let us suppose, then, a single-pluise A (' generator and motor, 
defined by their induced iheir tesistiuues, and their mean 

indue tames, which are all supposed constant. 


l.et 


O) 


7’ — the (liiiation of the peiiod, 

™ — the .s])eed of jniLalion of the dirrcnts, 


e[an(lr 2 ”lhe instantaneous values of the generator and motor 
K M F.'.s rcsj)cc lively, at the instant /, 

JCi and 7^2-= the effective values equal to the amplitudes of the snic- 
functions, i.c,, the maximum value, divided by v' 2 , 


A) 


■~™the phase-diffcience between ex and co; 


— the angle of lag (phase-dilTerencc) corresponding to 
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R and Z— the resistance and inductance, respectively, of the lolal 
circuUi of the two machines; 
i—thc instantaneous value of the current; 

I — the effective value of the current, equal to the maxi- 
mum value divided by V2. 

Let us suppose the conditions of stability to be unknown and let 
us seek to ascertain how two alternators connected in series will operate* 
The two sine-functions of the E.M.F* represented by the curves 
Cl and 62 in Fig. ii, may be formulated by the equations, 


Cl — jKiV 2 sin } 

C2— FjjV 2 sin > 


in which 0 designates the angular distance between the actual position 
off?] and the position of opposition of (?2* 

The RM.F* which is acting in the circuit is equal to the njigebrairal 
sum of the opposing E.M.F.^s* 

e=Ci+f?2=FiV’2 — £2*^2 sin 

From this the current, may be deduced, by the well-known 
differential equation, 



Ri + =^E\\^ 2 sin — ^2 V 2 .sin (^0/— - 


(A) 


In this equation let i—X sin tol+V cos ojL 
If this value be substituted in the equation, the values of X and Y can 
be determined by making the cocflicienis of the siiic-lerms and of the 
cosinc-terms successively equal to zcio, We can then obtain, by 
difTcrentiatioii, substitution, eic,,^ the following value for /: 




R 




EtV 2 




coL 

¥' 


(-;)] 


(B) 


‘ See Appendix A* 
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This may also be written, 


7^2 ^^ 2^2 ^ r)j 


wherein 


tan /g= ^ , ,, tan 
^ 1^2 -hAi 

, (oL 
Ian 


In this equation /?— the phase-angle of the resultant E.M.F. and y— the 
supj)lemcntal phasc-difTerence of the current measured from this E.M.F. 
Tn the simple particular case where Ei =£2 this expression reduces to 


. 0 

am — 

i^2JW2-T. 771 (A cos w/ 4 -aiL sin a)t]\ 

or, since 

R (oL 

, . ==cos r; . — rrr5==sin r; 


we will have 

2E\/ 2 sin ^ co.s 


i.c., the current will have the elTectivc value 
=2/iN/7sin 

and will ))c out of phase i>y the angle y with respect to the resultant 

E.M.F., which is itself out of phase ^ with respect to the mean of ei 

and e2> This result is easily interpreted in Fig, ii, by drawing the 
resultant curve obtained by taking the difference of the ordinates 

of the first two curves. It will be seen that the curve has actually a 

phase-difference equal to - with regard to the mean of and 62, and 
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that it increases with the phase-cliiTerence of ^2 with respect to Ci, In 
consequence of the lag, yy of the current, measured with respect to this 

resultant E.M.P, ^when y is near ^ in value^, it will be seen that the 

current is approximately in phase with this mean value; it would he 
completely so if there were no resistance-losses. 



The power- outputs of the two machines will Ijc ohluined by multi- 
plying the instantaneous current i hy the E,M,F’s Ci and C2, For 
example, in the case where we luive 


_ fr+-')+.ln (,^-r+ 

Likewise, on multiplying by — rg, wc will have 



/»2 = 


-\-2E^ . 0 

, — ^ sm - 


j^sin ^^-fsin ^2w/— y— 


These equations show that the power is not constant, in cither case, 
but imlsating, i.e,, it presents variations of frequency=2 7 ", as repre- 
sented in Fig. II. 
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These variations constitute sine-functions having pulsations twice 
as rapid as those of the current, which have for their axes the horizon- 
tal linos (Pi, Pi) corresponding to the mean powers given by the first 
terms within the brackets in the following equations: 

„ 2 & 0 ./ 0 \ 

The very small difference between Pi and Pa represents the loss 
by resistance (Joule effect). The axis of the curve Pi is therefore 
a little more above the axis of zero power than the axis of symmetry 
of the curve Pa is below it. 

The torque could he obtained, in each case, by dividing the power 
by the angular velocity These expressions show that the current 
increases with 0 until 0 ec[uals ;r, but tlie torques, which equal zero so 
long as the lag zero, increase with 0 only until the value O^y; and 
they then decrease 

Stability will, therefore, exist only with 0<iy having for its axis the 
exact opposition of K.M.F/s. 

The solution, in the case where Pi is different from Ej, will l)e 
olilained in an analogous manner, by forming the products — cor, 
and it would still give pulsating values for pi and p 2 \ but, since these 
cac Illations arc uselessly complicated, we will pass them by and turn 
to moie simple methods. 

Case of Symmetrical Polyphase Motors. In the case of polyphase 
motors the same considerations and equations remain applicable lo each 
of the symmetrical circuits, if only care be taken to include, in the 
self-induction of these circuits, their mutual induction effects. By 
reason of symmetry itself, the result is obtained by a simple in- 
crease of the cocnicrent, P, in a ratio which depends on the number 
of phases in the machine. 

The currents are, in general, approximately equal in effective values 
in the different circuits, if there are no defects in construction. It 
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3 s suflicientj therefore, to apply the reasoning to one of the circuits 
only, and to multiply the power by the number of circuits, 

It should be noted, moreover, that, in these motors, the pulsations 
of the power derived from the different circuits, occurring at different 
intervals, compensate each other, from the standpoint of the total 
power, which becomes constant. This is easily shown by taking the 
sum of tlie powers. For example, in a three-phase motor, the pulsa- 
tions at the instant tcu/ will have the form 

A sin 

A sin 

A sin 20)1’- r ) . 

V 23/ 

It is known that the sum of the sines of three angles diHering from 
each other by 120° is Identically equal to zero. Therefore the” result- 
ant’^ pulsation is equal to zero. The same thing would be true for 
any number whatever of equidistant and symmetrical phases. 

The result is llinl the torque is constant (to a sufficient degree of 
approximation for Ihis theory, which neglects the liigticr harmonics 
of the field-distortions), whereas, in a single-phase motor, it undergoes 
heavy periodical variations. In the latter case, the inertia of the armature 
plays the r 6 le of a flywheel storing and restoring energy twice during 
each period; but if the inertia is insulBcient, the velocity of the armature 
will experience slight variations which will greatly inteifcrc with the 
stability of operation. Polyphase motors arc, in this respect, superior 
to single-phase motors; they are also superior to them in being ligbter 
for a given oulpiU (less weight per kilo-voli-ampcrc) and also in 
having higher efficiency. 

Graphical Representation of Operative Conditions, Blakesley^s 
Method. Mr, Blakeslcy was the first to apply Fresnel’s method of 
vectors to the study of alternating currents,^ 

The following principles constitute the basis of Fresnel’s method: 
I. Any sinusoidal function can be represented in magnitude and 
in phase by a vector, or a segment of a right line, whose length is pro- 
portional to the amplitude of the function and whose phase is meas- 
ured by an angle reckoned from some other vector serving as a point 
of origin. 

• B!akcs!ey, Alter nati»g Currents of Electricity, 1885 
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2, The addition or subtraction of sinusoidal functions may 
on the graph by a geometrical addition or subtraction of the 
of these functions. 

3. The mean product of two functions is equal to the work don^. 
by one of the vectors on the other, i.c. it is equal to the area of the 
triangle constructed on vectors which are equal to the effective values 
of the variables, or to half this area when the triangle is constructed 
with the amplitudes of the sinusoidal functions. 

This method, with which the reader is supposed to be familiar, 
has been applied by Blakesicy to the problem of synchronous motors 
in the following manner: 

Let us represent the amplitudes of the E.M.F.’s. of the generator 
and of the motor, Va, andi52 ^ 2, re- 
spectively, by means of two vectors, 

OA and OB^ (Fig. 12), having between 
them the angle n-\- 0 . These E.M.F.^s 
arc approximately opposed to each other, 
as we have seen in what ]}rccedcs. 

Let OR' l)c equal hut opposed to OB 
The Iv.M.F. which is the resultant 
of 2 and Ejy^ 2y will be represented 
by the vector RVl which is equal to the 
resultant of 0/1 and OB, 

Let us again designate i)y y the 
phase -angle I )e tween the ( urrent and 
tiic resultant K M.F. defined by the re- 
lation 



(oL 

and let this angle l)c drawn with respect to the point /I The direction 
CA will rcpiesent the current which is in phase Lei CA ])e the pro- 
jection of R'/l. We will have 

2 

C'/l ^Ji'A «« r = cV2 cos 

r /- ^ 

or /V2 

The length of CA is therefore proportional to / . 
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The power supplied by the generator to the motor will be 
Pi=E\I cos OAD 

mxcA 
2R • 

In like manner, the electric power consumed by the motor will be 
n DCXCA 

The power lost by ohmic resistance (Joule ciTcct) is equal to the 
diHerencc, or to . 

CAXCA 
iR • 

The diagram therefore determines, by the measurement of simple 
lines or areas, the current strength and the power of each of tlie 
two machines, for each value of the phase-angle. 

Let us suppose that the vector OA (Fig. 13) is stationary, and that 



the phase-angle, 0 , varies. The point B’ will describe a circle of radius 
OB'; the point D describes a circle constructed on OA as a diameter; 
finally, it is easily seen that the point C describes a third circle having 
for its center and for its radius the projections of O and of OG on a 
rigid line, AF, making the angle j- with OA. T'hese three circles hav- 
ing been drawn, the conditions of oiicration can be followed on the 
diagram. Mr. Blakesley has thus determined the limits of stability 
and the maximum electrical eflTiciency. 
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But even for easy questions the use of this diagram is loo com- 
plicated ; the same thing is true of the diagrams devised by Kapp,i after 
Blakesley, and based on the same principles. The author has also 
given ^ a more convenient method of representation of power by 
circles which cut off segments directly from the lines OA and OR. 

In all that follows, we will give preference to another graphical 
method, still more simple, which will be explained in Chapter II. 

Equation of the Synchronous Motor by the Method of Complex 
Variables. Finally, to complete the review of the different methods 
of study ])roposed or used for the representation and study of the 
phenomena, attention should be given to the equations which translate 
the preceding diagram by the method of complex variables, already 
a|)plied to allernating current ])roblems, in the exponential form, by 
Oberbeck, Cornu, Chaperon, etc., and in the linear form by Kennelly 
Steinmclz, OuiIl)ert, etc. It is meicly an application of the ordinary 
geomelrital representation of imaginary quantities. 

We will employ the notation of Stcinmelz modified by M. Guil- 
bcit (La Lumirre Vol. L, p. 451, and V Eclairage Elecirique, 

V (>1 XIV, ]), 69), ic , hy expressing the impedance as (r-^si) instead 
of s/), the latter exi)iession being scarcely logical, since the le acta nee 
ads in the same diiettion as a resistiiftce to icdiice the current It 
thus beiomes |)ossible to retain the oiclinaiy axes^ 

{[) Let OV, ()]' (I-'ig Ki) ie]>iescnt two rectangular co-ordinate 
axes Let OA ))e a vector repre- 
senting llu‘ sinusoidal function whose 
piojiHdons ait* \ ami y (leomcl- 
raally, tlie vei toi A is delined by the 
two piojcdions, and analytically it 
is ie]>iesented by a single imaginary 
Vidue 

.v + y/^(d tos/q I ( 1 

in whic'h / is the 1 magi nut y sym- 
bol \/— j . 

All tlie iKirmonii fiuu Lions may 1)C also represented by imaginary 
quantities. 

^ Klcclncal lyansmission of Rnerfiy London, \MiiUakcr, i8<j2 

® La Lnmihc hJectuque, Vol. XLV, 1892, ]) 115, aiul Bulletiu de la Soctelc des 
EleclriclenSj i8cy^. 

^ Compaie with C. V, Steinmetz, lltcory of the Synchromtts Motor (Transactions 
of the Aincilran Institute of Electrical Engineers, Oct, 17, 1894) 
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(2) These quantities arc adclccl or subtracted the same as real 
quantities; the resultant quantities indicate immediately, by their 
real and imaginary portions, the magnitude and the phase of the 
resultant vector. 

(3) The multiplication of a complex quantity by a real quantity 
only clianges the dimension of the vector, without changing its phase. 
On the contrary, the multiplication by an imaginary j)ortion, such as 
jby modifies not only the magnitude of the vector, which thereby becomes 
multiplied by 6, but it also modifies its phase, which is then made to 

advance by the amount In fact, we have 
j(x+jy)==-y+jx, 

i.Q.j the vector OA is then replaced by the vector 0 / 1 '. 

(4) From this, it follows that the E.M.F. absorbed l)y an imped- 
ance, Zj composed of a resistance, f, and of a reactance, in series, 
through which passes a current 

is obtained, in magnitude and phase, by forming the product 
zi-^iri-js^x+jy). 

(5) The work done by an E.M.F, OB having the imaginary value 

a+jb, 

and a current OA having the imaginaiy value 

is easily obtained by decomposing it into the work of each of tlic com- 
ponents a and h of this E.M.F. Tlic first component, a, docs no work 
on the component y of the current with which it is “ quQd)alurc,'' 
but it is phase '' with the component .v; likewise h is in quadrature 
with .T but in phase with y. The power required is therefore the sum of 
the products of the analogous coefficients of E and of Id We will have 

aX‘\‘hy, 

^ Use can also be made of other equivalent rules. A rule is given by M. Janet 
{Echirage Elecirique, iS, Dec., 1897, p. 530) under the following form: To find 
the power, j is changed into —j in cither the expression for the current strength 
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Let us apply this notation to the generator and motor already con- 
sidered. Let us direct the E.M.F. Ex of the generator along the axis 
OX. ^ 2 ) lagging in phase by the angle 0, measured from the opposite 
direction, will have the form 


(cos O’-j sin 0). 

The imaginary impedance is 

R -\-ioLj. 


The resultant E.M.F. being 


7?!— {E 2 cos 0 —‘jE 2 sin 0), 
the current will be obtained by taking the quotient 


j_E\ '-E 2 cos ()-\-jE2 sin 0 

R’\'(oLi 


= (El — E 2 cos 0 + jE 2 sin 0) 


R--wLj 


Sepaiaiing the real and imaginary portions, we have 

^ _ I f E ( E 1 — K 2 cos 0) + w LR 2 sin 0 
I 4 . 0-ioL{Ex-R.i cos fl)] 


'rhis c([uation, when tiansfoimed into finite values, and taking z to 
rc[)rcsenL the impedance, gives 

= [E(Ei - 7 ' 2 LOS ^0 -\-o)LE 2 sin (!]- 4- [EE^ sin 0- coU Ei -- Ej cos 0)\^ 

Ttiis equation defines the relation between 7, Ej, K 21 and 0 in a syn- 
( hronous motor. 

The mean power, R\y is obtained by sim|jly inulliplying the real 
portion by Ki thus: 

rv> r “TTo ”* EbtE I os O—ojL sin ^/)] 

cos r-K 2 (m (/V + r) 

\/R^-\-coV? 


1)1 the c\prcs»sii>n foi the EM F. The pro(lu<t is ( akulated, and then only the 
real poition thereof is taken, M. Guilbcrt has also given the following rule (E E , 
10 Mar,, T900, p, 361)' Change the sign of the variable which js out of phase 
and the real portion gives the power, with its sign. 
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As for P^i it can, according to the rule already stated, be expressed as 
follows: 


P2- 




E2 cos 0 \R{Ei — P^ cos 0 ) +wX/i2 Oj 
■’E2 sin 0 [RE 2 sin 0—o)L{Ei-E2 cos 0 )] 


E2 

’s/R^'hoPJp 


[El cos {]f'-0)^E2 cos 


This expression could have been written directly, I)y symmetry. 

Such is the method of imaginaries for establishing the fundamental 
equations. It will be seen that the calculations thereby made are more 
simple than with the analytical method of Hopkinson, because they 
give, immediately, the general solution, and do not require any inte- 
gration. In reality, however, complex variables only constitute an 
artifice for writing down the results of the graphical method. In place 
of delailed reasonings which arc rendered moic precise by means of 
diagrams, they substitute algebraical operations, wliich arc clTcctcd 
mechanically, without benefit in helping the mind to understand the 
physical phenomena. In all that follows we will therefore adopt the 
graphical method, 

Excitation of Synchronous Motors. Synchronous motors may lie 
excited in three ways: 

(1) As in the case of allernalors, it is possible io use the current 
produced by a small exciter-dynamo mounted on the same shaft. 
The machine is put in operation by one of the methods indicated later, 
or else by running the exciter-dynamo as a moioi, by means of ('urrenl 
from a storage battery. Tliis method of excitation is advantageously 
used for large motors. 

(2) To avoid the comjilication of llic exdtci -dynamo, especially for 

small motors, the machine is often made self -exciting by means of com- 
mutated cmrcnt.s, by sending through llic llcld-drcuU a portion of the 
current obtained from the mains. The olde.st method of commutating 
this current consisted in using a simple shell-commutator by which the 
current was rcvcised at each change of polarity. Such was the Ganz 
commutator shown diagraniniatically in Fig, 15 for a .six-])ole motor. 
The inducing circuit connects with three .segments /;, //' connected 

in parallel uith one pole, and the olhei end of the (ircuit connects 
with Ihiee other segments ii\ which are connected in parallel 
with the other pole. The alternating current to be commiUaled is 
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brought by two double brushes hh\ hih\ which can be shifted to a 
suitable extent ])y means of the collar supporting them, the object 
being to reduce sparking to a minimum. The use of double brushes 




has for its object to reduce the sparking by short-circuiting the field 
windings at the time when the induced current is reversing; the extra 
current whith is then jiroduced in the exciting coils prolongs the cur- 
rent in the Held-cii cults and diminishes 
the undulations of the inducing mag- 
netic flux. Nevcrtlieless, these Iluctu- 
ations aic quite ])erie]}li))Ic and 
interfeie very much with the elTiuenc'y 
and the sUinlily of the macliine. 

'Fhese comniuLaling aiiangements 
can only l)c used for low vtiltagcs. 
l'\>i tins reason » when the \oltagc at 
the lei niinals of the motoi e\teetls no 
volts, the comnnitatoi suj>|>lied hy the 
secoiuhny winding of a tKinsformcr 
W’hic h is ( onnec led in miilliple with the 
mains or else by a sjK*nal low’-voltage cirtuil w'ound on tlie same arma- 
ture, as in the (asc‘ of the old Weslinghousc allcinators (Fig ly) 

Commutated cunents can, theorctually, be used for exLiiation 
cilhei in seiiesoi in shunt (even Lompound) as indicated in the dia- 
gram of F'igs tS and H). 'FIio advantages and disadvantages of 
these various systems aie the following * 

Scrics-cx( ilation allow’s the u.se of large wiies for the lield-coils, 
and insures coiciclcnce in phase Ijclwccn the c'urrcnts of the inducing 

1 A more detailed study of these “tommutaied” excitations w’ill be found in 
an article on sviu liionous motors by tlic aulhoi, in La Lunubre Elecinque, 1892, 
Vol. Ill, pp. 4 b 5 » 4^^, ctt. 
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and induced circuits during Ihe operation of starling, which operation 
is thereby facilitated. It lias, however, the great objection of making 
the induced E.M.F, vary with the load, wheicas, according to theory, 
the most advantageous E.M.F. is fixed a priorii and should remain 
practically independent of the load. With series-excitation, strong 
wattless currents occur at very light and very heavy loads (which may, 
it is true, be reduced hy shunting the field-coils, as shown in Fig. iq), 
and, besides, there is a lack of stability of operation at light loads 



Fig. 3 8 Fro ly, 

because the field is then too weak, Morevoer series-excitation causes 
very bad sparking at the brushes. 

Shunt-excitation has the advantage of being constant and easily 
regulated; but it has another objection, that of necessitating change 
of position of the diameter of commutation with resjiecl to the phaie 
of the current to be commiilalcd. With normal load, the position of 
the brushes can be easily regulated in such a way that the commutation 
may occur exactly when the alternating current to he commutated is 
passing through the zero-point; but if the load increases, the lagging 
of the armature behind the field increases, without being followed by 
the phase of the current to be commutated. The same thing occurs 
during any accidental oscillation of the speed of the armature (rotor). 
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Now, as Fig, 20 shows, the moan strength of the commutated current 
is proportional to the algebraical sum of two areas, one of which (Si) 
is positive, and the other (^2) is negative. The former diminishes and 
the latter increases, when the lag increases, the effect being a rapid 
decrease in the excitation. If we let /q =^iimc at which the commuta- 
tion occurs; if r=<the period, and 27 i:Y,==tlie lag in question, the 
exciting ampere-turns will be given by the following equation: 

zN , 2 ... /o 

I Bj(!f^-NiQ cos 27 r— , 

i.c., they arc reduced in the proportion indicated by the factor cos 
us compared with their value when the commutation occurs at the 


Si 7”n 



j}H>])er moment of passing through zero (at whidi time llic fador 

cos~-,^,“ equals unity). It is ncccsstry, therefore, to vary die position 

f)f the inaislies with the load This (annol be <lone, however, during 
the lliutuations of load, and it is (omeisalde that this deciease of 
excitation undei the inllueiuc of the lag may then greatly reduce the 
stal)ility of operation. It a])pears, therefore, that the method of exci- 
tation by commutated LUnenis is a process open to criticism. 

Advantage might be taken of the use of the transformer in Fig 
21, as the author showed in 1892 (Lunii^re KlcciJtquCy loc . cit), to 
compound the excitation in such a way as to cause the inducing 
flux to increase with the load, and thus produce an increase in 
stability. It would be sufficient, to this end, to wind on the same 
transformer a second primary coil with a large conductor through 
which the armature or rotor current passes. 

(3) Another method of commutating the current, which is pref- 
erable to the preceding one, consists in com])ining with the armature- 


6c-:J-3r3^ 

Nl^ 
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winding a continuous-current commutator from which the exciting 
current is collected by means of two brushes. Such is the system of 
the Fort Wayne Company in America, and of the Socidtd I’Fclairagc 
Electriqiie (Labour system) in France. The 
commutator need be only of small dimensions, 
proportional to the current which it delivers, 
unless it is also used in starting the motor. 
When the voltage of the armature is loo 
high or when it is desiral^lc to simplify the 
connections of the main circuit, it is sufil- 
cient to wind, on the armature, a small exciter 
winding connecting with a small commutator, 
which serves solely for the purpo.se of excitation. 

This method of excitation, which is the 
simplest of all, unfortunately still presents 
several objections, It is applicable only 
to motors having continuous current wind- 
ings and a rotating armature; it cannot be 
adopted in the case of high voltage machines or alternators having 
a stationary induced winding; it docs not lend itself to automatic 
regulation of the inducing field; finally, {and this is the most serious 
objection), when there are wattless demagnetizing currents in the motor, 
from any cause, the E.M.F. at the brushes and the excitation arc both 
weakened in consequence. Now, that is precisely what occurs when 
the motor experiences a reduction in speed in consequence of an over- 
load. The stability of operation, ^^hich decreases with the excitation, 
wilt, therefore, be diminished when the load increases. The oscilla- 
tions due to improper operation are therefore exaggerated by this 
reaction. 

The self-excitation of synchronous motors must, llierefore, be 
studied with care, and its application is limited to small motois. For 
larger machines the use of a separate exciter is the most satisfactory 
plan. 



Fig. 21. 
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DETAILED STUDY OF OPERATION WITH NORMAL LOAD 
L PRINCIPLES OF TIIIC ELEMENTARY TIII-^ORY 
Notation, Let 

7 '^^the resistance of the total circuit of the moloi (including the motor, 
the line, and the armature of the generator, in the case of an 
electric transmission system. (The armature resistance of the 
altcnuitors is supposed to be increased from 50 to 100 per cent 
in siuh a way as to take into consideration the eddy currents 
produced by ilic armature in the pole- pie ccs) ; 

L ^ llie mean indue tance of the motor; 

tliat of the exteinal circuit (including line and generator); 

1 ' the period, c»;-^7™--=lhc velocity of pulsation; 

A' -the leac tance of the total circuit, including the motor; X = (u(L+/), 

Z- the impedance of the total ciu'uil, including the motor; 

effective exleinal K M V , i.e., the l'..j\f F. obtained from the 
line (or indue eel in the geneiator, in the case of an oulinary 
simple transmission system) 'riiis E.M F. is sui>poscd cofL\latif, 
unless olheiwise stated, in all that follows, 

7^0== the elTective iiUeinal E F inducc'd in the synchionous motor, 
such as it would he measured on open ciituil with the same 
^ excitation should not he ccinXouncfe^l with the lesultant 

indue f(i or effcc'tive E Af.F iiroduced l>y the resultant field of 
the field anij)ere-turns and of llie uimatuie-rcaction. The 
latter will 1)0 designated, later, by the syml)ol so ) 

e = the resultant E.M.F. of the two K.AI F’s and E2; 

7 = the current in the ai mature of the motoi; 

Pi ^thc clectiic power produced by the E.M.F, Ii \ ; 
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7^2 — Ihe electric power generated in the armature by the current, and 
counted positively in the same direction as the mechanical 
power oljtaiiied from the motor; 
tf=the phase-angle between the E.M.F's, and E^] 
f/j— the phase-angle between the current, 7, and the E.M.F. E 2 , of 
the motor; 

0^the phase-angle between the current, 7, and the external 
^=an auxiliary angle representing the phase-angle existing between 
the current and the resultant R.M.F., which produces it in the 
circuit. It is defined by the known relation, 

(e) tan =A'; whence 


d=aii analogous angle, obtained by neglecting the reactance of the 
motor. It is defined by the relation, 

( 2 ) tiiii5«=j. 

The standard diagram wliich has already been referred to is not 
easy to apply, partly because a complicated consliuction is necessary 
for each load to give the current-strength in magnitude and in phase, 
and partly because the vectors of the current-strength become too 
small, inasmucli as the E,M.F. may attain thousands of volts while the 
currents aic of a few amperes only. The geometrical coiivStructions 
deduced from (his diagram by other authors are extremely complicalcch 
The author devised, some years ago,' for the study of problems 
of this kind, a so-called “ ])i]^olar’' diagram, which avoids these two 
objections and at the same time gives the theory an almost childlike 
simplicity, and renders graiiliital calculation sufliciently accurate. 
Principle of Bipolar Diagrams. The princi|ile of this method con- 
sists in taking diffeicnt axes of reference and different scales for the 
currents and for the IC.M.F’s., instead of taking the same axis of 
reference and the same scale for both, as is usually done. The axes 
and scales may then be selc( led for the current in such manner that the 

^ Th 6 oric des Meurs synckrones. Lnliure, publ, 1895 , Uhidnslne Ehciriqiie, 
Feb., 1895 * 


R 
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current can be represented in magnitude and in phase by the same 
vector as the resultant E.M.F. of the circuit. 

As regards the magnitude, since we have 




it sufTiccs to take, for tlie current 7, a scale of amperes Z times greater 
than the scale of volts used for the E.M.F. values. 

As to the axis of reference, its choice depends on the axis selected 
for the E.M.F. values. 

The bipolar diagram may therefore be established in two distinctly 
different manners, according to whether it be the vector of the 
generator E| or that of the motor, £o, which is taken as 

the fixed line. 

We will indicate, successively, these two types of diagrams which, 
in many cases, do not serve exactly the same purpose, as will be seen 
later. 

Bipolar Diagram of the First Kind. Motor-Vector taken as 
Fixed Axis. Let us suppose the effective values Ej and of the 
E.M.F’s. taken with the signs which they have when one follows the 
circuit foimcd by the motor, the line, and the generator. It is known, 
i)y experience, that the E M.F’s. are very nearly in opposition. Tlie 
two corresponding vetlois can, therefore, be ic presen ted by two right 
lines 0/1 2 and 0/1 1 , drawn in different directions (as indicated ]>y 
the arrow-heads) and making, a very small angle, with each other 
(Fig. 22 ). (This angle indicates the phasc-diffe rente between the two 
E.M.F^s., as measured at the terminals of the two machines when 
coujdcd in parallel ) 

When under load, the gcncratoi tends to lead with lespect to the 
motor. The vecloi K\ will, therefore, turn in the jiositive direclion 
which is conventional in mechanics, i e., in the direction contrary to 
the hands of a watch. 

'The resultant K.^^.F. e, acting in the circuit, is represented by the 
vector /1 1/12, which is the resultant of and E -2 By ju^ojeciing 
/I I /1 2 on a light line, /(oF, w'hkh makes the angle y backwaid from 
/I 1 /I 2 , we obtain the vector AnE—RI^ repiesenting the component that 
is in phase witli the E.M.F. Fi. The angle DA^Ax, therefore measures 
the phase-difference of the current with respect to the E.M F. E 2 with, 
reversed sign, i.e., measured at the terminals, the same as the E.M.F. 
of the generator. In order to be able to take A 1 A 2 as equal in 



34 


SYNCHRONOUS MOTORS 


magnilude and in phase to the vector of llic current, it sullices, there- 
fore, to attribute to it, as an axis of reference for phases, a right 
line yM23^, which makes, with OXj the axis of reference for the 
E.M.F's., an angle equal to yj and having A2y^ for its positive direc- 
tion. We thus obtain the diagram Fig. 22. 

This diagram is bipolar because the axis to which the R.M.F. E2 is 
referred is the horizontal line OX, and the vector Ei turns around 0 



as a center; whereas the current vector /I1/I2 turns around and is 
referred to the axis VA2Y\ 

The diagram of Fig. 22 shows that the cuitciU is more or less directly 
opposed to the JiJ.M.F. Fo, It can be decomposed into two conipo- 

nents, one directly opposed, the othei liaving a phasc-cli/Tercnce of 

This decomposition is easily made on the diagram (Fig. 23) by i)ro- 
jecting the vector ^2^1 on the line A^Y and on a line (AiD) perpen- 
dicular thereto. We thus obtain: 

(i) The component having the same phase as E2 which, following 
the expression of Dolivo-Dol’>rowolsky, we will call the watted ** 
current. 


Iiif—A2D, 
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(a) The component having a phase-diiTcrence of 


TT 


Id^A.D. 


The arrows indicate the direction of the vectors. Taking into 
consideration the direction of VY^ (in the case of Fig. 22), it is seen 
lhat every wattless current drawn to the left of the line of ref- 
erence ^2^, is a current which lags with respect to the E.M.F, but 



which leads with icspecl to the K.^^,F. E[ If the jxnnl Ai should 
come to the right of A^Yi (Fig. 2,^), the wattless (urreiit would lead 
w'ith icspect to E2 but would lag w’ith respect to E[, 

Applications of the Diagram of the First Kind. The diagram lias 
for its olijed to enable the dilTerent w’orking conditions of the motor 
to be grasped at a glance. It lends itself esjiec tally well to tins 
when the motor E.M.F. E2 is maintained constant, l)c cause only 
the point Ai is then ciisjilaccd, a.s the rc.sult of a variation cither of the 
phase-angle or else of the generator E.M F, £1. In both cases 
the outputs are defined by the curve which Ai describes and which w’e 
will call the "locus” of di. This locus is a circle wdien the excita- 
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lion of the generator is also constant. Each position, of the point A\ 
defines the vector of the E.M.F, Ei = OAi and the vector of the cur- 
rent ZI = A 2 Ai, Knowledge of any two whatever of the elements 
E\j 0^ /, r/> leads to that of the two othens. 

The diagram can be employed when E 2 varies, but the point O then 
varies at the same time as Ai^ so that the locus of Ai no longer suffices 
to define the conditions of oi)cration. There is then some advantage, 
if El is constant, in having recourse to the second kind of diagram. 

Line of Equal Power Occurring with Constant Excitation, The 
electric power of the motor, being equal to the product of the E.M.F. 
E 2 l:)y the watted current 7^, will, when the excitation is constant, l)e 
proportional to the segment Wlien the motor-excitation reinains 

constant, all outputs corresponding to equal watted currents are repre- 
sented by points, situated on a single right line perpendicular 
to the axis This right line AiD is, thcrcforcj a line of constant 

power for the motor, whatever may be the E.M.F, of the generator, 
which may be variable. The same thing is true for all parallel right 
lines. It is possible to represent, on the diagram, a series of such right 
Tnes, each hearing the indication of the corresponding power 7'!27^y 
ujidcr constant excitation; and then, for each position of the point 
/li, the corresponding power will be known. 

The mechanical power is equal to the electric power less the 
losses due to eddy currents and hysleicsis. (The heat-losses are 
not included in the electric power The effect of these losses 

is itself equivalent to a ceitain appreciable walled cuiTcnt, /o» nnd 
to a wattless current which can l)e practically neglected, I'hcrc- 
fore it will only l)e ncccvssary to draw on A^V a vector, /1 2 <'f = 2yo> 
which represents the ‘Most cuircnt; and the power that is really 
luseful will he ])roportional to the segment dD, Although the lo.ss 
under consideration Allies slightly with the output, it can, without' 
material error in con.slrucling the diagram, l)c considered as constant 
for a given excitation, and as ccjua! to the power net cssary to operate 
the motor without load. 'J1ic clecUic ])owcr siq)plicd l)y the generator 
is deduced immediately fiom the electric iK>wer of the motor by adding 
the resistance-losses (I^R) in the circuit, 

Lines of Equal Phase, Since the phase </) of the current is measured 
by the angle all the points representing outputs di, ic.catcd 

on the same light line issuing from /i 2 , correspond to the same angle 
of lag (jy. Any line issuing from /I 2 therefore constitutes a line of ecjual 
phase. 
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Limit-Circle of Current. Lei be the maximum value of the cur- 
rent which the armature can withstand. If, around A 2 as center, a 
circle be drawn with a radius equal to according to the scale of 
amperes (or equal to Z/,„ according to llic scale of volls), this circle 
will constiliUe the boundary of a space having certain characteristics. 
All load-points inside that space correspond to loads which can be 
maintained indefinitely without the current, 7, exceeding that limit. 
All load-points situated outside this space represent loads which can- 
not l)e maintained indefinitely. This limit-circle of current is, therefore, 
also a limit-circle of stability of operation, of the motor. 

Algebraical Relations Deduced from the Diagram. To facilitate 
graphical calculation it is always useful to have the algebraical expres- 
sions for the variables. What we arc interested in knowing is the cur- 
rent .strength, its phase-angle, the power of the motor as a function of 
Ihe E.M.F.^s and Ttj, of the constants of the circuit, and of the 
angle of lag 0, or conversely, any of these as a function of the power, etc. 

Tlic solution of the triangles represented in Fig. 23 gives imme- 
diately the relation sought. In the triangle /I1D/I2 we have 

/,/=/ sin (i) 

cos f/>. , ... (2) 

Again, the ])rojcction ^7 is c(|ual to ihe projection of the Ijroken 
line A I DA 2 : 

AI cos ()'-(/)) ^Z/^coH sin ^ . ... ( 3 ) 

i/'j 

— AViy-p A /(/ 

'File Iriiinglc O.-lo/li enables 7'i or I to lie exprcshcd m tcrm> 
of other (luantitics, thus; 

A'i2=7ia2 + (Z/)^ + 27'2;j/cos(j'-</>). . . . (4) 

= „,a(y ... . (5) 

Finally, if the triangle O/I2/I1 he piojected on the line AjD and 
on a line 77^1 1 per|)cndicular thereto, we will have 7^ and 7^ as a func- 
tion of 7.ii, £2 and 0-. , 

Z7„,='7ii cos (} — ())—E ‘2 cosy, .... 

ZIa=Ei sin (y-f7)-7i2 sin y 


(d) 

(7) 
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The power of the motor and that of the generator will be easily 
obtained by noting that the phase-angle, which is (J) with respect to Ai, 
becomes (pi-O, We will therefore have 

P2-j^2/cosr/>, (8) 

cos 0 —Ell cos (0 i^O ) ; (o) 

or, replacing I cos and I sin (jy by their values, and /j, we have 

P2=y[£i cos (y—0)-E2 cos ;'] 

p _Ei i cos 0 [Ei cos (y-- 0 ) — E^ cos /'] 

^ 2 - sin 0 {Ei sin 0 ) - ^2 sin y] 

which can also be written 

P\=~[Eic.Q%r~E 2 Cos{ 0 -\-Y)\. . . . (ii) 

Numerical Example. Let us consider the case of a power-trans- 
mission to a distance of 10 kilometers by two Mordey alternators of ,^7 
kilovolt-amperes (2000 volts and 18.5 amperes), liuving a frc(iueni'y 
of 100 cycles, the resistance being 3 ohms and tlie rejulancc 43 ohmsJ 
Let us assume that the loss-allowance in the line is 200 volts at 
20 amperes. The line will therefore have a rcsi.stance / — 10 ohms. 
If the conductors have a resistivity {p) of 2 miciohms per centimetcr- 
cube, the sectional area of each conductor is 

2 pi 2Xio“®X2oX 

— =0.40 .sq.cm, 

-o.of)2 .s(|,in., 

and the corresponding diameter will be 7.15 mm. (0.28 inch). Lei us 
assume that the distance between the wires is 60 cm, (23.6 iiuIie.H), 
The tables for line-inductances 2 give, for tlic linear inductance, in 
millihenrys per kilometer, the following values: 

2(0.8188-1-0,1173) — 1.872. 

^This reactance was determined directly from the chaiatlerisiic curves given 
for these machines by Mr. Mordey. The value usually given foi ilie induclniue 
of this machine is too low* 

» See an article by the author in I’Eclairage Elcclriqiic, Oct.-Dec., 189,). 
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For a line of lo kilometers and a frequency of loo cycles, the 
reactance (assuming the capacity to be negligible) will therefore be 


T0X628X1.8 72 

1000 


— 11.8 ohms, 


or apjnoximalely 12 ohms. 

Under these (oiuHtions, the (onslanls of the circuit arc, in round 
numbers, as follows: 

7 ? = i6 ohms, A =98 ohms; Z^ioo ohms; and we have 

I r ib 

tan r — — =6,12, cosr^ — — o.t6. 

'16 '100 



The ratio of the two scales will be 100 Tliercforc a distance 
corresponding to 2000 volts on one scale \Nill c 01 respond to 20 ampeies 
on the other stale. 

Suppose, now, the E jM.F. of the motor to i)e 2000 volts, and 
let it be represented i)y the stationary vector A^O (I'lg 2-1) drawn 
on the axis of OX in the negative diiection The right line VA^V^ 
making the angle 7* with OX, backward, will be the oiigin of the 
vectors representing currents. The lines of equal electric power for the 
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motor (not including resistance-losses in the armature) will be riglit 
lines perpendicular to VA2V\ In the diagram, several of these right 
lines have been drawn, corresponding lo powers increasing each time 
by 5 k.w. Let us complete the diagram by describing, from /1 2 as a 
center, with the radius Z/— 100X18.5 A, the circle of normal current. 
The point vdj, which depends on the load, can be displaced anywhere 
in the whole space inside the circle of normal current- value; but it 
cannot be displaced oiUsidc this space, except for a short lime, owing 
to the heating of the machine. For each position of the load-point 
its distance from the point O, measured by the scale of volts, represents 
the conesponding E.M.F, of the generator, and the distance AiA2f 
divided by Z, represents the value of the corresponding current. 

If wc suppose the generator to be exactly like the motor, i.e,, if its 
E.M.F. is 2000 volts, the diagram shows immediately that the maximum 
power practicably obtainable cannot exceed 30 k.w. To attain 37.5 
k.w. without exceeding the normal current, it would be necessary lo 
raise the E.M.F. of the generator, jBi, to 2960 volts. 

Diagram of the Second Kind* The Vector of the Generator 

E.M*F., El, as a Fixed Axis. 
Let the vectors corresponding lo 
the generator and motor E.M.F.\s 
be represented by two right lines, 
OA 1 and respectively (both 
being taken with the signs they 
present when the closed circuit is 
followed aroiiud). The angle 
A1OA2 (Fig, 25), which we will 
Fm. 25. sn‘11 ciiii 0^ YYOw measures the lag 

of E2 l>ehindEi, 

The current 1 is equal lo the rcsiillaiit E.M.F, A1A2 divided by 
the impedance, 



I 



(12) 


and it lags by the angle f behind AyA^. Its vector AiC=^Rl is there, 
fore the projection of A^A^ over that angle, and the pliase-dilTerciicc 
(p between the cunent and the active E.M,F. E\ is the angle 0/1 
In the case shown in the diagram, the current lags behind ^hO, i,c., 
behind the E,M.F. Ri measured at the terminals of the generator. 

The E.M.F, OA^ can be decomposed into two components, of 
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which one, is in phase, and the other, OH^ is in quadratiue, 
with the current L The eRect of the motor is therefore equivalent 
to an apparent reactance, which is here positive, 


X 


npp. 


OH 


combined with an apparent resistance 


R 


HPP. 


Finally, the electric power developed by each of the two E-M.F/s 
and E2 will be 


cos (Z -El, 1 )’ 


and 


R 




i>2 = /l2/ COS {/.E2, 1 ) =^XCH 


(13) 


where I) and (/E2, /) mean the angle of lag behveen Ex and 

7 , and between E2 and 7 , respectively. 

The ohmic loss in the circuit {PR) is equal to the difference 
P\ — P2. Let us now transform the diagram, as al)Ove, in such 
manner that A1A2 shall represent the current, in magnitude and in 
phase. To obtain the magnitude, 
it will he su flic lent to use, for 
meusuiing the amperes, a scale 
A tinie^' gi cater than the scale of 
volt^, A being the numcrkal 
value of the impedance, expressed 
in ohms. 

'W) obtain the lag of the cur- 
rent thus represented, with re- 
S|)ett to the generator K.M.F. 

Eit it will be SLifTuient to draw 
(Fig. 36) a slalionaty right line 
AiiV making the angles in ad- 
vance of OAi. It will he seen 
immediately, on comparing Figs. 

25 and 26, that the angle 77/l|/l2 
formed by the vector A1A2) with tlic line is equal to the angle 
0/4 1 C previously referred to, and, consequently, represents the apparent 
phase-angle 0. j 
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[To make the diagram complete we should draw Hva similar diagrams, turned 
ill dilTercnt directions, one corresponding to the volts, the oilier to the amperes, 
each with its own special scale. However, this would be of no advantage, and 
we will, therefore, retain a single diagram with the two scales, rcmembeiing that 
the origin of phases is 0:\\ for tlic K.M.F.^s, and /l|iYfor the currents. We shall 
indicate, on that diagram, the cxpicssions for the segments of lines, as if they 
were all E.M.F.’s; and it will be siiflicient to divide them all by Z to have their 
expressions for currents. 

For example, the segments O.lj and OA 2 will represent, respectively, by the 
scale of amperes, the two cui rents 

/j 

(id) 


which each one of the allcinalors would produce, icspcctivciy, in the ciicuit, 
if the otlici were slopped.] 

The line AiN will therefore l}c the origin of phases for the current 
with respect to the E.M.F, Ti\, 

If we project AiA^i on the line AiN and on the line AA^ per- 
pendicular thereto, we will obtain, by the scale of amperes, two 
current-components: 

(a) The walled current or the current which is in phase 

with the K.M.F. 

(/>) The wattless current cr the current wliicli is in <pui(I- 

ratine with the JC.M F.* 

The jdiascs of the tun cuncnls arc both referred to A[N as origin. 

The work of DobrowoKky has shown that Ibis decomposition of the 
cuiieni is very interesting from a practical standfioiiit, it i.s more so, 
in general, than the decoin posit ion of the IC.M.F. already indicated 
(page 41). 

The power furnished by the active E.M.F, may 3je deduced from 
the watted current, thus: 

Pi-EiX/. 

Tlie power actually utilined may be deduced from this, in the 
following manner: 

in which /' 2 =^tim armature-resistance of the motor. 

^ These teinis, '* waned” and “wattless/* aie adopted lierc to conform to the 
international language of manufacluicis, all hough they aye objectionable, 
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Power- Values as Function of the Lag-Angle 0 , To express Iho 
power- values Pi and P2 in terms of the angle /?, it is only necessary 
to sulistiiule, in the two equations (13), other Vcalucs for/ cos(/Pi, I) 
and for / cos ( Z /^o, /) . 

I cos J) is nothing more than the watted current i for the 

case represented in Fig. 23. 

Let J[ and = y . (Sec eq. 14, p. 42.) 

The diagram gives, readily, 

i —1 cos (//?!, /)=/i cos Y—J2 cos { 0 +y). . (15) 

'The current / cos ^ will be ol)taincd by analogy, by project- 

ing the diagram of Fig 26 upon a light line making with 0 / 1 2 an 
angle that is again equal to the angle y. From this we obtain the 
absolute value 

/ tos ( Z A’i, /)=/i cos (y — 0 ) — J2 cos , (16) 

Replacing /i, /a d^cir values, we will ihercfoic have 

Pi cos t' — Aj cos {/9 — /*)] .... (17) 

/L — cos — A2 cos ^]. . . . (i8) 

'These are exjux’ssions wheiein only two vatiables, E> and 0 , enler 
'Tile utility of these expressions will be shoun I.Uei 

Use of this Diagram for the Study of Different Loads. 'I'bcse loads 
cannot he determim^d without imposing some iondilu)n which makes 
the variables (i e. K.M.F. currenl, i)ower, lag, eU , )\aiy .ntording to 
some deJinile law’ In that case, to eat h value t>f the lag iheie will 
(oric.spond a single (t>r sevxial) ([uite definite values of the V l\l F Pj, 
and viie veisa. (mnsctiueiUly, on the diagram, tin* point insteatl 
of being aide to range over the W'hole surfaie, tan I)e dispUued imly 
on a singk lurvc such as CC\ for example (Fig. 20), whose e([ualion, 
in j>olar co-oidinatcs, with rcs(>cct to the point O as a ])o]e, is noth- 
ing more than the relation imposed I )e tween E> and 0 , 

I'or each point of this turve, whitb may be called the locus of dj, 
there coriespond Iw’o ladial vectors issuing from two fixed poles 

One of these vectors, ()A>, is drawn from the point O as a pole; 
and it indicates the K.IU F Aj, in magnitude and in phase (starling 
from Od|); the other, /i|d2, is drawn funn the i)oint Ay as a pole, 
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and it indicates the corresponding value of the current, in magnitu 
and in phase (starling from AiN). 

Knowledge of any two of Ihc elements JS2, /, enables all t 
others to be known, and also the lag i/f and the reactive and acti 


currents. 


When Jli is variable, this diagram becomes inconvenient, ai 
preference sliould 1)C given to tlie diagram of the first kind. 

Curves of Constant Electric Power of the Motor when t. 
Generator has Constant Excitation, These curves, wliicli indicc 


the p&wer developed hy the motor fo) each posUion of /1 2, in ihc diagran 
arc represented by Rq. (18), in polar co-ordinates referred to Ih 
pole O (Fig. 27) {P2 being supposed constant), and they now bccom 
circles instead of straight lines. Let us take two rectangular axe 
passing through O, the axis of .v being directed along the line ON 
which makes with OAi the angle y. We can then wrilc 


i ?2 cos { y -- 0 )= cc ^ 
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By sul)StlUition, wc have 


or 


2 2 “^ 2 -^ 


cos Y COS^ Y 



\\f_ W-P2R 

2 COS y ) ^ COS^ Y ^ 


from which it can be seen that the curve is a circle whose center has 
the following co-ordinates: 



2 cos Y^ 


y=o. 


Each circle has for its center the point of intersection, N) of the 
right lines ON and OAj, both making the angle y 'vith OAi\ and the 
radius of this circle is 


P- 



^-RP 2 > 


(19) 


This result is also easily ol)taincd by geometry. 

As for the lines of constant electric -power, P\ (applied at the 
tenninals), they arc evidently straight lines peijjendicular to Aj (none 
of which has been drawn on the diagram except the line 
I jc cause they are defined by the simple condition that the current 
which is active with respect to K\, (i.e , /), is constant, 

'Die cxpiossHin (u;) (an be tahulaled algclnaically, for various 
values of or it can even be delerminccl graphitally by means of 
ledangular tiiangks. It is convenient to express the powei P) as a 
fuiK tion of the maximum jxiwei which can lie obtained hy making 
vary, P\ being supposed to lemain tonstanl As will be seen later 
this power, whuh wall be designated by the letlcr P, has the follow'ing 
value: 




4 R 


(20) 


It is easy to construct a seiies of cquipotential lines corresponding to 
the given values of 7 b, and thus to jircdelcrmine the vaiialions of 
[Kiw-er lesulling fiom the displacements of the point Ao, 

The radius p can then Ijc wa*ittcn, 




-'■'■-J.IS 

2 cos ^ \ p ‘ 


(21) 
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It is therefore sufficient to divide the segment AiIV in the proportion 

of *^1 — ^ to obtain the power-lines shown in Fig. 27. 

If, for example, we take the series of values, 

P2 

-p-^O.IO, 0,20, 0.30, 0.40, 0,50, 0,60, 0.70, 0.80, 0.90, T.OO, 

we will find 


]j^=o-949i 0-894, 0.837, 0-774, 0.707, 0.632, 0.548, 0.447, 0.316. 

In practice, these lines should be graduated in kilowatts, in the 
usual way. 

It is often unnecessary to draw the lines for the high powers, since 
the power P is much greater than that which the armatuic can with- 
stand without dangerous heating, in continuous operation. 

Since cos is very small (usually <o.io), in ordinary practical 
cases, the center N of the circles will often be outside the diagram, but 
it will be always easy to draw the circles by points, from their equation 
in rectangular co-ordinates. 

Moreover, in that case, the circles are of very large radiu.s, and arc 
quite sufficiently determined l)y two tangents Now for each circle, 
such as GFG\ the directions of the two tangents at F and G* arc known, 
because they are, respectively, ])erpendicular to /IjA/’ and ON. Again, 
the position of the points F and G' conesponding to a jiower 7^2) is 
given by the obvious cejuation : 

^-0(^-7§rrP-7^ri' ■ -t)' 

It is very easy, tiierefore, to construct these two tangent.s and then 
to draw approximately the circular arc which tlicy determine. 

It will be noted that the *‘7^2 power-values, in Fig 27, are positive 
above the point Ai, and negative below it. This shows that the alter- 
nator will operate as a motor in a certain portion of the plane, contained 
inside the power-circle — and that it will operate as a generator 
beyond that circle. In the cross-hatched space comprised between (he 
lines 7^2 ^0 and Pi=o it cannot operate eilher in one way or in ilic 
other, because the current which would then pass through the machine 
would cause a loss of energy in the armature greater than the available 
power. 
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CurrenMimit Circle. It is known that the armature cannot indef- 
initely withstand a current exceeding a certain limiting value If 
we draw, around the pole /li as a center, a circle of radius precisely 
equal to Z,,* (by the scale of amperes), all the points A2 situated out- 
side that circle will give values I—A1A2 >Z„j; whereas, inside that circle 
the value of 1 will be <Z„,, The circle drawn is therefore a limit 
beyond which the load -point must not go, for continuous operation. 

Lines of Equal Phase, In the same way that lines of equal power 
have been drawn, lines of equal current-phase can be easily drawn, 
such that, at the loads represented by their various points, the phase- 
angle between the E.M.F. and the current will always be the same. 

If the phase of the current I is measured from the E.M.F. Ei, 
these lines aie evidently straight lines issuing from the point .<li. The 
right line corresponds to ‘^ijero” phase-angle. All the loads to 
the right thereof correspond to a lag in phase, and all the loads to the 
left correspond to a lead in phase. (Fig, 27.) 

To olUain lines corrcsj)onding to currents of equal phase with 
respect to the E.M.F. Zi)2, we note that all the points for any current 
value whatever, among these lines, should present a constant angle 
0 / 1 2/1 j These lines arc therefore circles having 0 / 1 1 as a chord. 
If, for exani])le, we wish the line of jdiasc corresponding to the lag 
n between and Z, we con.struct, on 0/1 ^ as a chord, a circle admitting 
(^f the angle ix—y (siiue tlie tiuc pliasc of the current lags by the angle y 
with res|)ect to the line 

Only the elide coiiesponding to an angle a—n has been drawn, 
in the example ie|}rL‘sented in the diagram. This circle represents 
the exact opposition in ])hase between the cuircnt and the internal 
ICM.I", A’j. It is easily seen that this circle is tangent to the two 
lines O V and A | V. 

For all loads c ot responding to points situated inside this circle, 
the piiase is outside the circle, on the contrary, it is <7:. 

[It will i)e noted, in passing, that the circle of zero power ^2=0, 
passing through the ixnnl A\ is nothing more than the circle of phase 

because the power is zeio every time that the current is in quad- 
2 

latuie with the E.M.F,] 

Numerical Example. Let us return to the example of power-trans- 
mission by means of two Mordey alternators, for which the numerical 
data have already been given (page 38), and let us apply the second 
diagram to this case. 
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The maximum theoretical power is 




2 

= 62,500 watts, 


The radii of the power-circles are given by cq. (31); whence we 
have 


P 


=6250 



in which is expressed in walls, p being measured by the scale of 
volts, In this manner we find Ihe radii for the circles 


of 5 10 30 30 40 and 50 k.w« 

to be 6000, 5700, 513a, 4520, 3750, and 2800 volts. 

These simple calculations give all the elements necessary for the 
diagram in Fig, 28. In this case Ihe current-circle corresponding to 





Amperfs 


Fkj. 28 


3sr 


the normal current of 18.5 amperes has also been drawn, in addition, 
lo show the limit of loads. Let A2 lie any position whatever of the 
load-point, within this circle; it is only necessary to measuic the various 
lines, according to the proper stales, to sec that the corresponding 
voltage E2 is 3000 volts, the current strength is ii amperes, the 
reactive current (leading) is T0.5 amperes, and the power is 5 k.w, The 
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miiiimuiTi current corresponding to the same power would be Oi? = 
2.8 amperes, approximately. 

11. OPERATION OF A MOTOR WITH CONSTANT EXCITATION, 
SUPPLIED AT CONSTANT E.M.F. 

The two diagrams lend themselves equally well to the discussion 
of this ease, which is usually the most frequent one in practice. In 
the first diagram (Fig. 29) the E.M.F. vector of the motor will remain 
stationary and that of the generator will turn round the pole O, when 



the load varies. The extremity /I] dcMribe.s a circle having 0 for its 
center and E, for its radius. U tlic lines of dual load liave been drawn, 
their points of intcisc-Uion nith the circle will define completely the 
conditions (cuuents and lags) for each load. The use active cur 

rents will be obtained Iry subti acting the loss-current from the 
active currents themselves. 

It will be noted that the power is zero when Ai is on the power 
line iiassing through d. If, in consequence of overload, the motor- 
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speed diminishes, 0 increases and the power developed also increases, 
The condition is therefore stable for low powers. 

But the power-output is limited. Its maximum corresponds to 
the power-line drawn tangentially to the circle. The correspond- 
ing output, iV, is the limit of possible outputs, because the elTccl of 
an overload, by increasing further the lag 0 ^ would be to bring the vector 
OA\ into a position such as OjV/, where the power-output would be 
diminished, and, consequently, the motor would stop. 

The line ON^ drawn through 0 parallel to therefore defines 
theoretically the limiting line of stability; and the limiting lag i)etwecn 
the E.M.F.^s. is equal to y. The maximum electric power applied 
to the motor is equal to the product of the E.M.F, by the corre- 
sponding active current — 

Likewise, on the second diagram (Fig. 27), if the excitation is sup- 
posed to be constant and if the load is made to vary, the end of tlie 
E.M.F. vector Ez describes a circle around 0 as a center. Its point of 
intersection, A^y with the circle of zero-power (p2=^o), gives, theoret- 
ically, the condition of operation without load; but, piactically, the 
power necessary to overcome friction and other losses not lacing ecjual 
to zero, the unloaded condition will corresporid to a higher point, 
such as situated on the power-circle P- 

When the load applied to the motor-shaft increases, ilic i)onU of 
output A2 is displaced on its circle in the direction of imreasing powei- 
outputSj i.e., tonard the top, and the angle of lag 0 and the cuirent 
/ increase correspondingly. 

The power can increase up to the point Q*jy wlicre the chaiaelciislii 
is tangent to a power-circle (Fig, 27), but it could only dccrciise 
if the angle of lag were to be further increased. The direction OX 
therefore marks the theoretical limit of stalnlity of operation When 
the angle of lag is increased further the motor falls out of step and conies 
to a stop. 

It may be seen in the same manner that the alteinalor ojicrates 
as a generator below the point /Fq. nnd that the necessity of .stability 
of operation limits the angle of lag to the direction 0.1/, which is per- 
pendicular to the right lines of equal power Pi, and symmetrical witli 
ONf with respect to 0 ^ 4 1, 

Maximum Power. The maximum power Po, coi responding to 
the limit of stability Just determined, can he easily calculated l)y mak- 
ing 0 — Y in the general power equation (r8). 
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From this we gel 


-£^ co3 r (El- El cos x) 


( 22 ) 


The power-value will be higher in proportion as the impedance Z and 

the resistance R are smaller ^provided that 

The formula (2 a), can also be written directly from the diagram 
(Fig, 29) corresponding to the load which is at the limit of stability, 
because, we have, fiom this diagram, 

Zlw^R\ — Ih <-'os r» 

and also 


In well -constructed modern motors (having low resistance and low 
impedance), theic is usually no tendency of the machine to fall 
out of step fiom gradual overloading, when it is supplied from a con- 
stant potential (in nil, because, as Fig. 28 shows clearly, the current 
becomes cMcssive befou^ the powxn-outjmts apj)roa(h the limit of 
stability just indi( ated For example, the Labour synchronous motors, 
w’hich can In* dted as cm client existing examples of this class of appa- 
ratus, aie only limited, in regnicl to load, by the heating of llic atmature, 
and not by tlK‘ tendency to fall out of synchronism. It is the ciiclc ol 
maximum <ui*ienl, drawn as w'c have already seen, which limits lon^- 
coni min'd loads 

I hit loss of sync hi on ism may result from anything which can 
increase the impedance and dimmish the icactance-f actor, and, con- 
scf[U('nlly the* tendency to fall out of step is increased by the resistance 
of tlic line in long-distance tiansmission. 

It is therefore nccessaiy to i)e able to foresee, under certain cir- 
cumstances, wheihci the operation wall be stable or not 

Means of Determining the Practical Stability of Synchronous 
Motors, In practice, owang to oscillations of speed, the load is restricted 
to a value wdiich is less than the maximum power just determined. 
It can be c'onceded, in all cases, that, during these speed-oscillations, 
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e excitation of the motor (even if it is compounded) has not lime to 
ry, It can, therefore, always be assumed that the motor has a constant 
duced and the results of experiments made with such 

□tors can always be used as the starting point. 

On this basis, the stability of operation can be calculated in a 
lliciently precise manner by simply comparing the effective load of 
e motor at the maximum power, which it might develop with 
; E,M.F. ^2) ^i^d the power, P2i„ax., given by cq. (22), 

[This value can be determined experimentally by the method set 
rth in the author’s pamphlet on the Coupling of Alternators 
iris, 1894, p. 4.] 

Experience shows that i: is possible to have stable operation so long 
the power P2 does not exceed about two-thirds of when the 
iparatiis driven by the motor constitutes a very constant load, or 
lOUt the half of when the load is .somewhat it regular. [It is 
sumed, of course, that the apparatus can withstand the corresponding 
rrent without overheating.] 

These figures have been verified by vaiioiis experiments and they are 
accoi dance with the lesults piiblishccl by other experimenters. On 
alyzing the power transmission at Cassel (sec La Lumidre Eleclrique, 
) 1 . XLV, p, 616) wheic the motors furnish power for chaiging bat- 
*ics* we find that the ratio of practical to theoretical maximum 

p , 

wer is as high as — - but this is exceptional It is safer to assume 

1 m 5 

» 2 * 

Variations of Stability with Operating Conditions, It is very 
ident that, all things being equal, the stability will decrease witli 
) load. To see how it vaiies with the Loiiditions of t)ie ciicuit 
d of the motor-excitation, wlien the jiower P2 and the voltage Ji\ are 
istani, it is only neccssaiy to study the variations of the power P,„, 
means of equations (22). With equal rc.sistaiice it presents a 
iximum of maximiiras 


P- 


4/^ 


(23) 


enever Eu 1^2^ -Z, and satisfy the condition 
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(i) Suppose a given molor-Ioad, and suppose the Ei 

and E2 to be nearly equal. The stability will first increase with the 
reactance until we have 


Z 

R 


2P2 

1 :? 


i.e 


Z 


,, until Z appioachcs 2R; and it will then decrease if ^ is greater. 


Z , 

Inasmuch as ^ is always gi eater than 2 in ordinary alternators, any 

increase of inductance is objectionable in a motor which is connected 
directly to the source of current. It could only be useful if the motor 
was connected to the gcnciator by a very long line of exceptionally 
high resistance. 

(2) Suppose a given motor-load and suppose the external E.M.F. 
El to be constant. The stability of operation will always vary inversely 
with R] but the renult will depend upon whether cos y be greater or 

nnallor than i* i.e., whether the re actaiiccTac lor ^ tan will be 

liighci or lower than When cos y >1 an inciease of the inlcinal 

K.M.K, Fo until it exceeds the external voltage Ei will cau.se an increascof 
siabilily, whereas, \\hcn cos y < l the increase will eause a reduction of 
stability. This ol servation explains someappiirent contraclu lions of ex- 
pel ience When a moloi is connee ted on a constant polenti.il line 01 on a 
line of low resistance, it is more diil'K ult to make it fall out of slej> when it 
is over-ex( iled. If, on the other hand, the same motor is used for pem er 
tiansmission over a line of high rcsislame, it \\ill be obsei vccl that im Teas- 
ing the excitation will also inciease its tendency to fall out of step 
In [)KUli(C, the Inst ( ase is the moic fie(|iient, and it is advisable, 
in ordcT to impiovc the siabilily, to inciease (he cxtilalion with the 
load either by hand or automatically. 

At the same lime, it is seen that, in the most fic(|uenl pnulii at cases, 
it is necessaiy, in order to have good synchronous niolois, to diminish 
both the lesisUiue and the leactame of the aimadne. This means 
til at tiic field must be pemerful and the armature-icaction must be low. 

If wc were to make Z constant by hypothesis, wc would be U‘d 
to reduce as much as jxissiblc the resistance and to increase the 
reactance, but this case docs not orcin in practice 

Numerical Example. Let us take, foi example, two Moidey altei- 
nators of 37.5 kilowatts electrical output ^ coupled for electrical Irans- 
^ The power available at the shaft must i)e reduced in pioportum to the 
efficiency (exclusive of the cxcilalioii -energy). 



54 


SYNCHRONOUS MOTORS 


mission, and let — volts be the generator E.M.F, The internal 
resistance of each machine is 3 ohms and its reactance at 100 cycles 
is 43 ohms, as previously stated, 

(1) Let us first suppose the line to have no resistance and no react- 
ance. The total circuit will have the following constants — resistance 
6 ohms, reactance 86 ohms and impedance 86,20 ohms. 

The maximum power 

201,660 waits, 

4X6 * 

could only be obtained by giving to the motor E.M.F, the value 

=s 15 800 volts, 

0.0695 

and it could only be obtained with a current 

T 2200 - 

7 =-“ = i 83 amperes, 

2X0 

It is therefore unattainable from all points of view, 

If we limit the E.M.F/s to £2=Ei = 22oo volts, the possible 
maximum will be 

-0.069s) = 52,000 

i.e. about 3/2 times the normal output. The stability will therefore i)e 
suflicienL provided the machines are not .subjected to variations of load. 
Every incicase in voltage will hcie produce an increase of (F2)nKix* 
If, for example, we take 7^2 = 3000 volts, 69 k.w. instead of 52 is 
found to be the maximum output possible without causing the machine 
to fall out of step. The stability is then excellent at the normal load 
of 37.5 k.w. If, on the contrary, the voltage is reduced, so liigh a load 
could no longer be attained. 

(2) Suppose now the resistance of a line to Ijc in tci posed ])ctwccn 
the two alternatois. Stability will evidently become impossible as soon 
as the maximum power P approaches the effective power P2- If we 
take, for the cocflicicnt of load, the figuie 3/2 already mentioned, the 
maximum power P should not be less than 3/2X37.5=56 k.w,, wliich 
corresponds to a line -resistance of about i6 ohms. 

In his experiments Mordey (Proc, Inst, of Eleclr. Eng., 1894) was 
able to increase the resistance to very much higher values (140 ohms), 
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because he made his machines run wilhout load. This proves nothing, 
however, in regard to their operation under load. Moreover, these 
conditions were absolutely exaggerated, since lines of such high resist- 
ance would never he used in practice. 

86 

Finally, when we attain a resistance of approximately R — — =-=50 

"^3 

ohms, we have cos The maximum power for E^—Ei being 

then no longer 22,550 watts, the output of the motor can scarcely 
exceed 15 k.w. Besides, it is sure that every increase of the F.M.F. 
E2 above 2200 volts will diminish the siahilily. This will be all the 
more true if R is higher. We can thus understand that in using machines 
of 50 k.w. with nn external or line resistance of 63 ohms, Mordey could 
only operate these machines without load, and that the slightest 
increase of the voltage E2 above Ei (20 per cent) would cause the 
machines to fall out of step. 

The preceding analysis therefore explains perfectly the anomalies 
of Mordey ’s experiments. 

Wc would be brought to analogous conclusions by the considera- 
tion of sudden ovei loads and of oscillating cliangcs of load, which 
will be discussed later. 

[I'he amounts of sudden overloads allowable are discussed in 
the authoiVs preceding work, The Coupling of Alternators,” and 
also in J.a Lnmurc Eleclriqiw, Vol. XLV, p, 474] 

in, CONtPARISON OF l^OSSIHLR OUTPUTS AT CONSTANT J.OAD 

wrrii VARIOUS kxc:ii' m’k^ns. constant potkn'pial 

SUPJM.V 

Existence of a Current-Minimum. There exist several values of 
cLirreiU and F.M.F. uhith permit a motor subjected to an external 
constant p] M.F. E\ to develo|) a given eletliical power Fo* The.se 
are all values for w'hich the jK)int A 2 (Fig 27) falls on the line of 
equal pow’er cc)nes])onding to that value 7 ^o. 

T'hcse values dilfer from each other by the values of the E.M.F. Eo 
ncccssaty to jirodiue them, and also by the |)hasc-anglcs 0 and c/) of 
the corresponding ouient /, and, particularly, hy the reactive ciujcnt. 

If, to simplify matieis, we suppose the motor to l)e supplied from a 
constant potential source whose impedance is negligible, the diagram 
in Fig. 27 will give the solution. 

The current being lej^resented by the vector AiA2 according to 
the scale of amperes, its minimum evidently corresponds to the point 
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F on the power'cirdc G G\ situated on llie phase-line AN, As soon 
as the point /1 2 is displaced on the circle to cillicr side of the line ANj 
the current increases. There is therefore a value of the internal E.M.F, 
F2 which corresponds to a minimum current, and all values greater 
or less than this value necessitate a stronger current. 

It is evident from Fig. 27, vviihoui any explanation, that the minimum 
value is that which brings the current into phase-coincidencc with the 
E.M,F. Ely i.e., with the E.M.F. at the terminals, since the motor is 
supposed to be supplied from a constant potential source having neg- 
ligible impedance. 

[This condition gives, immediately, for the corresponding alge- 
braical value of E2 the following 


E2^^Ex^+{Z!f-2EiRI ; , . (25) 


Suppose, for example, a 40 k.w. motor connected to a 2000-volt 
circuit, Its ellichsncy being i^=o.85, and the constants being R—2 ohms^ 
and ^—40 ohms. The minimum current necessary, at full load, will 
be about 


/- 


40,000 

^^^-=23.5 amperes; 


whence 


^7—940 volts. 


The corresponding E.M.F. will Idc 

£2— >/ (2ooo)^F(94o)^ — 2000X47X2 — 2166 volts. 

The coiTCSjmnding value of the exciting cunenl will be obtained by 
reference to the cxcitation-cmve of the alternator. 

V-Curves* The foiegoing conclusions, which had already been 
formulated by the author in a pa|)cr in 1892 {La Litmure Elcclriqrie, 
Vol. XLV, pp. 423 and 563), ueic confnmccl 
experimentally by Mordey in 1893. Mor- 
dey’s results were represented gni[)hically 
by a curve, in rectangular co-oKlinatc.s, to 
which the name of V-ciuve has been given, 
owing to its chaiactcristic appearance (Fig. 
30). This curve is obtained by taking as 
abscissa; the values of the E.M.F. E^ and as 
oidinatcs the corresponding current-values. 
It is readily seen that the current docs pass through a minimum Mm 
for a certain value Oph of the voltage. 
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Use of Diagram of the First Kind, The diagram of the first 
kind lends itself more rigorously than the other to the study of volt- 
age and current values when the motor is working at constant load; 
and it also applies equally well in the case where the impedance of the 
generator can be neglected. 

It is sufficient to cause the segments O/I2, 0'/l2, (Fig. 

31), representing the E.M.F. 1^2, to vary in inverse ratio with respect 
to the segments A 2D, A2D\ A2D” , representing the active current 
in such manner that the product shall be constant and equal 
to the given power P% If, from each point, 0 , O', 0 ", an arc of circle 



is described, having for its racliu-) the generator TC M.F. Fj, llieir respect- 
ive Intel sections with the lines passing thiough O, D\ /)", O'" and 
peipcndicular to determine the load-points Ai, d'l, A"], d'"i, 

and, LonseciueiUlv, the cur rent- values / c 01 lesj ending lo the various 
values of F2. This cliagiam also applies in the case where varies 
ac'cording lo some given law' 

Predetermination of V-Curves. The preceding diagrams enable 
these curves to be obtained by a simple graphical transfoi mation, 
without calculation. It is sufficient lo measure, on the diagram itself, 
the radial vectors foi coiiesponding values of E M.F. and current, 
and to idol them as rectangular al:)scissai and oidinatcs. Each of the 
power-lines of Fig. 28, for example, also gives a hansjomed ciuve 
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which is the corresponding V»curvc (Fig. 32). These curves show 
clearly that the V becomes more rounded as the corresponding power 
P2 increases. This fact is, moreover, verified by experience, as shown, 



for example, by the curve in Fig. 33, obtained cxj)crimcntally from a 
synchronous motor of Labour type running at constant load of 5 k.w. 
(half load). 



The sharpest V is obtained with no load, Theoretically, the curve 
o (Fig. 32) ought to present an angular point at the axis of amperes; 
but, in practice, the power consumed by friction, eddy currents 
etc., when running without load, is not negligible, and, for these rea- 
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sons, the curve of no-load has a form analogous to the 5 k.w. curve 
of this figure, 

It will be noticed that, in practice, it is possible to obtain only a 
rather limited portion of curve, under load, because the values become 
more and more unstable us they depart from the minimum current 
value, either way, 

Theoretical Form of V~Curves, Although, for various reasons 
considered later, the V- curves always differ slightly in practice from 
tho.se deduced from the diagram, it is interesting to determine their 
theoretical algebraical equation. 

If we note that the current / and the power P% are given, by eqs, 
U) and (8), in terms of and </;, it will be seen that wc only 

need to eliminate 0 between these two equations to obtain the desired 
relation between and I, 


From ec[, (4), expanding and leplacing sin r and cos r by their 

A” R " 

\alucs y and — , we have 


2E2[ZI C(^s (/) cos y VZI sin 0 sin y] 

The ccpuilion oinainetl on S(iuaiing to lomove the radical sign is 

[ -I- EZ ~ Ai ^ -I- 2 P2P]- - 4 PP) = o. 

This equation is of the 4tli degree in I and in E^ The V-curves 
oi)taincd, in retlilincar co-oiclinatcs, taking Ej as al)S(.issie and / as 
oidinates, arc therefoie more or less complicated cuives of the 4th 
degree. They may 1 )C lahulated by jioints by Halving witli lespect 
to /, for example, but the calculation is unnecessarily (om])licated; 
and the graphical construction shown in Fig 31 is ]u*efeial)le 
In the paiticular case where P2 = o the equation reduces to 

iZI)^ + Ep±2XE2l^P\^ 

i.e,, an assemldage of two easily constructed ellipses whose axes inters 
sect each other as shown in Fig. 34. The V-curve for no load is there- 
fore formed of two branches of an cllijjsc which intciscct each other on 
the axis of amperes. The sections of it which are in the useful portion 
are almost rectilinear. 
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[Since there is no term of the first degree, these ellipses have the origin of the 
co-ordinates for their center. If we take ns ordinates the product 27, the 
inclination of their axes is constant and equal to 


^^lan 45°==^!. 


If, instead of the product (27), wc take, as oidinates, the values of 7, the inclina- 
tion of their axis becomes 


I 

X 





'Hi. 


Fig. .^4. 

'^1‘liis inclinalion increases inversely as the reariancc -V, i.e., a gi\cn variation 
of the exciting cunent produces a t urrcm-vni iaiion winch is all the gi eater the 
Jiigher the indiKtaiicc of the motor This conclusion is supported by otlier con- 
siflcralions, as wc have already seen,] 

The conditions for which the current is u minimunri arc tliosc for 
which the phase is zero with rcsj)cct to E^. They arc obtained by tak- 
ing, on the diagram of Fig. 27, all the values situated on the right 
line /liiV. For these points the triangle 0 / 1 1^42 gives 

+ {ZIf - aEyZI cos y 
= £i2_|_(^/)2-27ii/e/. 
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In rectangular co-ordinates the relationship between E2 and I ijs 
represented by the hyperbola 1 passing through the point of inter- 
section of the two arcs of the ellipse of zero-power, and having its principal 
axis horizontal and situated above the axis of abscissai at a height 
equal to 


7 - 


REi 

* 


Tlic excitation which renders the current a minimum must there- 
fore decrease at first when the power required, P2, increases; and it 
must then increase more and more. The greater the impedance the 
sooner this increase will occur. These results are confirmed by experi- 
ence, but, in practice, this critical value of E2 may be considered con- 
stant. 

Curve of Reactive Current. Fig. 32 would be incomplete if only 
the total current I were represented therein, because the diagiam would 
not then give information in regard to the phase of the current. It 
i.s therefore quite useful to add, to the V-curves, other curves indicating 
the value of the conesponding positive or negative reactive current. 
The values of the reaclivc current aie deduced from the diagram by 
constructing the lines corresjDonding to each value of the phase-angle 
0 . The curve of reactive current corresponding to P?=^ 20 k \^ has 
been drawn as an example in Fig. 32. In practice tliis cune tan be 
plotted from meavsurcmeiils made by a wattmeter 

Expression for Reactive Current. The cx[)ressions for currents 
which arc reactive with icgard to Ei or FL can he caUulated tn like 
manner. The reactive current ns a function of will be obtained 
by starting from e<| (m) This equation can be \^riue^ 


ni^=^E2^-\ 




•p 2PoJi 4" 27!, j A 


'I'his is also an ccjualion of the 4tli (lc{;ree in TJ-j. hul it cun Ijc easily 
solved with rcsjiccl lo /j, if written in the following foim. 


ZVd- + 2.Y/V o/j - ( 7 ii 2 - E./} + 



2 l>‘lR = 


o 


^ The conditions n( zero phase -an^lc ot the current with respect to the E.M.F. 
F2 would be the same on an ellipse such as 

but they present no special interest. 
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For the particular case P2— o» this equation reduces to 


which represents one of the ellipses of zero-load already determined. 

The reactive current /, with respect to JSi, is obtained by writing the 
relation between and Ei, as it is depicted in Fig. 26, thus 

E2^—Ei^'{-{ZI)^~-‘2E\Z{i cos y+j sin ^), 
or 


With no load, when P2— o, this equation reduces to 

E2^^ni^^Z^j^-aEiXj, 


The curve of j as a function of F2, drawn in rectangular co-ordinates, 
would therefore be a hyperbola; we can write 



The horizontal axis is situated at a dislancc 


E,X 
Z '^ ’ 


above the axis of volls. 

These formulae enable the reactive currents to he calculated alge- 
braically with more precision^ but also much more laljoriousiy, than 
by the graphical method 

Comparison of Outputs which the Same Alternator Can Develop 
with the Same Terminal Voltage, when Used Either as a Generator 
or as a Motor. Two different cases have to be considered: 

(i) Let us suppose the case of an altcrnatoi connected to a con- 
stant potential system of great power, presenting a ncgligilde impedance, 
and let the excitation be regulated in such a manner as to give the 
minimum current Assuming a suflicient margin for regulating tlic 
excitation, the output of the machine will be limited in all practical 
cases by the value of the armature-current 
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Let r equal the armature-resistance, x the armature-reactance, 
z the armature-impedance, U the voltage at the terminals, / the max- 
imum allowable current. The internal E.M.F. of the corresponding 
generator, necessary to produce this current, will be obtained (Fig, 
35) by combining the vector V with a vector kiA^zI drawn below 

X 

U at an angle— such that tan In order that the same machine, 

when operating as a motor, at the same voltage, 17 ^ may furnish the 
maximum power, f//, with the same current, 7 , the latter must have 
the same difference of phase, with respect to U, but in the opposite 
direction. The internal E.M.F., ^2=0/12, will therefore be obtained 
by compounding OA with a vector zl equal, but opposed, to the pre- 
ceding one. 

Fig, 35 thus shows that the alternator corresponds to the same 



electric power at its terminals when operating as a motor and as a 
genera if >r, and tins witli substantially the same excitation Assuming 
the losses to l)e tlic same in l)()lh cases, it is seen that by increasing 
slightly the IC.M.F. E>, the same noimal power may be counted upon 
for a motor as foi a generator (The normal powci here designated 
is the powei which the alternator can furnish on a dead resistance. 
This is the figure given in the catalogues of manufacturers of syn- 
chronous motors } 

(2) If now we considei the case where power is to be transmitted 
(0 a distance i the impedance Z which counts in the opei alien of 
the motor is that of the entire circuit and it can be notably superior 
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0 the impedance of the ami a lure. The segment ZI then extendb as 

ar as example, making an angle which is sucli that tan ’ 

ind the E.M.F., 0 / 1 '2, necessary to obtain this output may he superior 
0 the preceding value, Eq. (25) gives the value thereof. It is nec- 
essary to foresee this condition, in studying an electric transmission 
project, whenever the imiiedance of the line is of the same order as 
hat of the alternators. 

:V. INFLUENCE OF MOTORS ON THE GENERAL OPERATION OF 
AN A.C, ELECl'RICAL DISTRIIIUTION SYSTEM 

Effect of Current of Synchronous Motors on Distribution-Systems, 
riiere is a tendency, at the present time, and ivilh good reason, to use 
lynclirono us motors under conditions which permit them, as if they were 
:onclenscrs, to compensate for the inductance of neighboring motors, 
rhis method, which consists in overexciting the synchronous motors, 
vhelher they be utili;!ed for the production of mechanical power, or 
vhelher they be running without load, appears to have been first 
idvocated in 1891 by Swinliurn; and it has been used since by many 
ingincers in Eurojic and in America, Following the advice of Dolivo- 
Dobrowolsky it was used for the Bulach-Ocrlikon powcr-lransmission 
n 1893 (sec letter of Dolivo-Dobrowolsky to tlie Flektrotcc hnisdie 
l^eitschrift, Oct,, 1894, p. 555); and Lahineycralso used it at Boiken- 
lelm (sec Deulscher Vciliand dcr Fleklr(>lcrhnis{'hcn Ingcnicuic, ('011- 
;ress of June, 1894), where he was thus enabled, it would seeni, lo 
ioiible the output of the geneiators by compensating all indiutadcc- 
fifects in the distiibuting system by the icaclion of syiu hronous molois. 
fonie lime aflei, Thofessor S. P. Thonijison called attention to this 
netliod Some Advantages of AUernaling Currents ”, by Professor S. P, 
diompsun, British Association, 1894), 

To study this question, we must ascertain how tlic reactive i'urrojit 
aries with resj^ect lo the voltage at the terminals of the generator, 

A polar diagr;im referred to the line-voltage as a fixed axis gives 
ie neccssaiy values most accurately,^ Let us Uikc (I'ig, 27, p. 44) 

1 \\c use lierc this form of diagram lo lake I he olimk* loss of ihe moloi into 
ccouiU, Iti practuc, the liiliet can he neglected wiihoiit gjeal iinonveniem'e, 
nd llie diagram referred lo the motor IC.M F which is inoie simple, will answer 
ic purpose. Wc can then sec more readily that the conditions coricsponding to 
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on a power-line, ^2) output-points, A2 and A'2, situated respect- 
ively at the right and at the left of the phasedine /liATj and let us project 
them on that line, at 

From what has aheady been seen, the lengths A 21/ and will 
represent the values of the reactive currents corresponding to the 
two outputs; but while tlic first, is lagging with respect to the 
working currcnl, which is equivale nt to the effect of a self-induction 
with all of its objections, the second, A’/ a, is leading, which is equivalent 
to the effect of a condenser. 

We therefore see that /or all values whose representative point is 
sit lulled on the left of the phase-line AiN there will he a reactive leading 
current. It is this current, equivalent to that of a condenser, which 
enables the lagging reactive cuirent to be neutral ii:ed, including the 
magnctiication-current necessary for various translating appliances, 
such as induction- motors, transformers, induction-coils, etc., on the 
same poUion of the circuit. 

As we shall see later, it is very easy to calculate these compensation- 
phenomena with a view to their practical application. 

In studying the effects produced by the reaction of synchronous 
motors, we should, at the outset, distinguish between two very dif- 
ferent things, i.e., the load (current) on the line and the load (current) 
on the generating station supj)Iying that line. 

(i) Compensation with Respect to the Line or Circuit. ^lany 
ordinary translating ai)plianccs, notably transformers, aredamps, and 
especially induction-motors, liave a poucr-factor, cos (p, \\hich is 
lower than unity, and which incicases uselc.ssly the heating of the con- 
ductors of the distributing system or of the line, in the ca^e of a 
simple transmission-system. [The loss of voltage in tlie line is likens 
inci cased in greatci proportion than the Liirientt in con'^equence lag, as 
the author has shown elsewhere See articles on “ Line-inductancc for 
Alteinaling Currents”, VKclaiiage Eleclrique Oct, Dcl , 1804.] 

"idle aim of the com|)ensalion sought should be to increase tliis 
power-factor as much as possible, by iiroducing the ieacti\e cun cuts 
locally instead of tianS]K)rting them ovei the line. 

The evaluation of these cuircnts is not difficuU, owing to the fact 
that in the translating appliances just mentioned the magneii/iing 

points situated on the left of the rcfcientc-line OV are those which pioduce a 
leading current with respect to the voltage at the terminals. It is therefore on 
the left of OK that the inotoi plays the lolc of a condenser. 
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(or reactive) currents are practically constant at all loads and can even 
be predetermined, at least roughly, according to the output of the 
appliances, without knowing exactly what these are. Let he the 

total value of the reactive currents, and be the total conesponding 
active current, at any given instant. 

To neutralize completely the lag of the line, it would be necessary 
to produce, by means of the synchronous motors in that pari of the 
line, a reactive current which is leading in phase and equal to 

} ~ 

(in absolute units). IHul it is not usually necessary to fulfill strictly 
this condition, because it may l)c, as a rule, considered sufficient to 
have a power-factor 0.95 to 0.97, corresponding to reactance-factors 
(tan ranging in value from J to -J, respectively. Let us take, 
for example, tan 7^=^. It is then sunicient to satisfy the cciuation 

in which i equals the active current ahsoibed by llic syiK'bronouh 
motors, and which must he added to that of the apparatus, (useful 
' load). 

From this we have 

(/ to H- /)]> 

This means thol ihe rcaclive current which the synchronous motors must 
produce to render the react ance-clJccis of neighboring motors pfoilifaltv 
negligible need not he equal to the current <utually consumed by these 
appUancest bid may be reduced wore and more as Ihcit use/ul load 
is increased, Owing to this circumstance, one ni more relatively .small 
synchronous motors will sufTKC, in practice, to neutralize the haimful 
ellecls of reactance on the line. 

Let us suppose, for sim])licity, that there is only one sudi tompensa- 
tor-motor, and that it is also serving, at the same time, as a motor 
doing mechanical work. Us total armature-current will i)e equal to 
the resultant 

The current I being limiled by the heating of the motor, the useful 
current f and, consequently, the useful corresponding power will 
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have to be all the lower the greater the value of /. If it is satisfactory 
for example, to take y=|-/, the increase of 1 will be almost negligible. 

The graphical cleicrmination of I and is obtained readily from 
the fundamental diagram (Fig. 

26) by constructing (Fig. 36), 
according to the scale of volts, 
the lines Zl in the direction A lA^, 
and Zj in the perpendicular di- 
rection, and by drawing A\A2 
and 0 / 1 2. If I and j are known 
beforehand, E2 and i can be 
deduced inversely. [All that is 
necessary is to project the broken line A2A1O on the line AiiV and 
on the line perpendicular thereto; the two projections are 



and 


Zt—E\ cosy 
Zj’\'Ei sin y. 


The sum of their squares gives from which we deduce the formula, 

(26)]. 

This diagram also gives the algebraical expression of E2 thus 


£2=-Ei'\/i+ - l-^(ysin ^--/cos r). ■ ► (26) 

From this, given the excitation-curve of the motor, the necessary 
ampcrc-lurns can be deduced. 

In order that the compensation may be really advantageous for 
the line, it is necessary that the resultant currents should be notably 
weaker than l^efore, i.c , ^^e must have 


V( f w\- 1 )“ ^ {J d ~ lY 

In practice, compensation of this kind is es})ecially advisable when 
syiubronous apparatus (motors or converters) *s already connected on 
the distribution-system, and serves for other piu poses, because, all that 
is then necessary is to incicasc slightly the excitation- current of cacli of 
them, which involves no special expenditure of energy other than a 
slight supplementary loss in the fields and in the armature The 
companies which operate alternating-current systems should therefore 
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seek to encourage as much as possi])le the use of such apparatus by 
their patrons. 

When no such apparatus exists on the system, it may be desirable 
to place synchronous motors running without load at the distributing 
centers for the special purpose of furnishing reactive current. Let 
us see what the nominal power of such a motor should be* 

The reactive current i l>eiiig then only the current necessary to 
keep the apparatus in motion, if wc designate by p the sum of the losses 
without load friction, iiysteresis, eddy currents and power 

necessary for excitation), wc will have, approximately, 

, P -I- r/® 

If the apparatus is efiicient will be very small with respect to 
and consequently we can write, as an approximation, 

[In a good motor the active current with no load, f, docs not exceed 
o,ro or 0,20 of the fulWoad cm lent, The lag of the current of an over- 
excited motor running without load can therefore approach very near 

— , without nevertheless approaching as closely thereto as would the 

current of a condenser.) 

Since 0 is very small, under these conditions, }i<2 becomes approx- 
imately 

A'o— "I" 


Tlic power for which the motor ih lulcd by the manufactuiei is 
equal to the product of the ordinary E.M F. (usually with a margin of 
IS to 2s ])ei cent increase), by the normal cutrenL l^or example, under 


this hypothesis, it would i)c possible to use a motor having a catalogue 
voltage of -j^^-^inorc generally, and having tlie normal cuiTcnt /. 


Its rated jiower will be 




in \vhicli } has the value already given. This value of j shows that, in 
an installation comprising a certain number of machines in pcimanent 
operation, the cajiacity of synchronous motor necessary for compensa- 
tion may be taken lower in proportion as the load-factor will be higher, 
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and that, if suHicicnt compensating eRect has been obtained at light 
loads, the compensating eiTcct will be still better with heavier loads, 
First Numerical Example, Assume a distribution-system supply- 
ing 500 k.w. of transformers at 5000 volts. The magnetizing current 
is a small fraction of the full-load current, varying usually from 2 per 
cent to 5 per cent, according to whether the transformers are large or 
small. Let the average be taken at 3.5 per cent. The full-load current 
being 100 amperes, the total magnetizing current, which is approximately 
constant at all hours of the day, will be 3.5 amperes. The power- 
factor with no load being, on the average, 0,70, the active current with 


no load will also l^c 3.5, and the resultant current will be 5 amperes. 

To neutralize the lag by means of a synchronous motor having a rated 
eflicicncy of 0.80 when running without load, it would be necessary 
to produce a reactive current of 3,5 amperes at the expense of 0.7 ampere 
of active current coiresponding to the resistance-losses. The curient 
taken from the distribution-system would then be 3.5 + 0 7 = 4.2 amperes, 
instead of 5 amperes. This saving is not sufficient to justify the pur- 
chase and maintenance of a motor intended to serve solely as a com- 
pensator; but the use of a condenser would not be much more advan- 
tageous, as the current would always remain slightly above 3.5 in 
consequence of dielectric hysteresis. 

Second Numerical Example. Assume a distribution-system com- 
prising, at the end of the line, where tlie tension is 2000 volts, some 
translating devices composed of 200 k w. of indiu tion-inotors and 100 
k.w. of synchronous motors, the latter having a total reactance of 15 
ohms and a resistance of 0,8 ohm. Assume the synchronoub moiois 
to have an efficiency of 80 per cent, the induction-motors to liave a 
magnetizing current equal to one-third of the normal ciinent, an 
efficiency of 85 pci cent, and a power-factor of 0.9 s, at full load 

[The magnetizing cunent geneially vanes between onc-lliiid and 
one-qiKuter of the load-current in polyphase motors and lietwccn one- 
half and onc-third in single-jihase motois,] 

The jjroblem assumed is. to com|Jcnsate the effects of the lagging 
current in the induction-motors when tunning with no load, and also 
wdth a quartet -load, it being assumed that all the motors arc constantly 
in operation. 

The total current necessary for the induction-motors at full load is 


200000 

0.85X0.95X2000 


= 124 amperes. 
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The reactive current will be, at full load, approximately 

124 

= ——=^42 amperes. 

Il can be assumed that the corresponding active current, at no load, 
is TO per cent of the total, or 12 amperes. 

Since the synchronous motors, in this case, run without load, it 
would ha necessary, in order to compensate absolutely for the phase- 
lag, to make them produce also a reactive current 

/=42 amperes; 

and since their active current attains, at most, 

. 0.20X100000 

10 ampere.s, 

2000 

these motors will lake a maximum current equal to 
7 = V(ioj 2 -i- (42)^= 42, 1 lunpcrcs, 
while their normal-load current might attain 


100000 

— _ ==62.5 amperes. 

0,80X2000 ' 


The is given by the approximulc formula 

7^2= 2000-1- (15X42) = 2630 vohs. 

The line-current, which, without compensation, u-ould he 
V\io-\- i2y^-H (42)^-5o. 5 amperes 

(or at least 42 i amperes, if the synchionous motois were not o])crating) 
would thus be 1 educed, by the compensation, to 

io-hT2 — 22 amperes. 

Il might even be reduced to 19 amperes, if only two-thirds of llie 
synchronous motors were being operated. 
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Let us suppose, now, that each group of motors shall furnish 50 
k.vv* The active current for the induction-motors can be estimated 
at 25 amperes, plus 8 amperes for losses, or in all 33 amperes; and 
the active current for the synchronous motors can be estimated at 
25 ami)eres, plus the losses, which are at most 10 amperes, or, in all, 
35 amperes, 

The total active current is therefore 33+35 — 68 amperes, while 
the reactive current of the induction-motors remains, as before, 42 
amperes, The resultant current is 

V(42)2h- ( 68)2= 92.5 amperes, 

and it could not be less than 68 amperes. 

Suppose it be required to bring up the powei -factor to 0.95, l,e,, 
to bring the current down to 72 amperes. It will be suflicient to 

reduce the reactive current to ^=23 ampeies by producing a current 

3 

out of phase which is equal to 

;=:=42 — 23= 19 amperes. 

The current of the synchronous motors will then become equal 
to about 

V'(iq)2-h (35^=40 amperes 

jnslcad of 35 (i.e , it would be slightly increased). We uill ha\c 
tan U '^<^‘543 E M F will be ecpial in 

2000^1 1+?-^-^-^—^ H — ( 19 <0.477! — ^5 SyiSS) 

y \ 2000 / 2000 

= 1728 \olts. 

instead of i486 volts, which the motor should develop, when the phase- 
angle 7* equals zero. 

It is seen that, by overexciting to a maximum of 30 per cent, it is 
possible to compensate for the full-load reactions, without overloading 
the synchronous motors. To obtain the same result by means of a 
motor running without load it would be necessary to use an apparatus 
having a rating of about 40 k.w.; which would not be very practical. 
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Economic Study of Compensation for the Line by Means of 
Motors Running without Load. For simplicity, let us suppose the 
following to be constant; the voltage at the sending and receiving 
ends, t!ie power to be Iransmilted, and llie loss of energy in the line. 
It is required to determine the economy resulting from compensation 
l)y overexcited synclironous motors running without load, for the 
different values of cos 0. 

Two points have to be considered: 

(1) The saving in the capital invested; 

(2) The saving in annual cost of operation. 

These two jjoints lead, as will be seen, to conclusions which arc 
appreciably different; 

(i) Saving in Cost of Equipment. Let (for a single-phase current), 
7^0= the voltage at the transmitting end of the line; £| = the voltage at 
the receiving end; i?2=tlic E,M,F. of the synchronous moLor.s; 7 ^^= 
the useful active ciurcnl; /—the active current of the synchro- 
nous motors; reactive current when there is no 

compensation; y=thc reactive current of the synchronous motors; 
/i~lhe resultant current of the synchronous motors; pQ^ihe cost 
of the generators per IcilovoU -ampere; pi= the tost of the synchronous 
inolors per kilovolt-ampcie; p2=ihc price of line-coptJcr |jcr kilovolt- 
ampere transmitted. 

The jn*icc of line-copper, wlien there is no compensation, is given 
by the formula 




{27) 


(whicli intliides llie rcluin-coiuluctor). In this foiimihi the fiitlor 
p3 is equal to 

/>2“<jsX* ' ' (2«) 


wliciein /—length, in kilometers; /;= price of copper per kilogram, 
(assumcd= 2,50 francs). 

the ])crccntagc of loss allowed in the line; 7 io=tiic initial 
IC.M.F. in volts. 

The voltage being supposed constant at the transmitting and receiv- 
ing ends, it follows that, in order to transmit the same power with the 
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same losses in the line for the different values of cos the weight ol 
the linc-copper will have to vary. 

The cost, in francs, ^ of the line-copper, when there is no compen- 
sation, is 


P2 


Eilw , 
cos <p * 


and, when there is compensation^ it is 


(/iy-|-i)24' (/to tan j, ,, Ei/w 

P COS0* 

COS^ (p 


The cost of the generators, wilhoitl compensation, is 


and, with compensation, 


Pa 


Ep/to 

cos (f)^ 


/(/to+O^ + t/w tan <!>—}}“ P-Q^w 

I HZ’" ^ 

cos <p 


Finally, the cost of the synchronous motors is 


whoiein 


1 \'^i- H" 


The total saving in cost of equipment, as the result of ccjnipeiisa- 
lion, will he (in francs) t 


p2 


/t 1 /u> 


CUb (/> 


I — 


(Ay + / )“ T ( /ty tan </j— y)- 


iw Y 

L'OS (j)/ 


-h 


w [* ^ ( /«j + i )^ + ( /ty tun i)~ 


Po r 

COb (p 


COs> <j> 


— /lAi/i 


t^o) 


^ Ttie coi responding cost \aluc in dollars will );e gnen by the same foimnLi 
by introducing the factor o 20 in the formula. The same renitark applies lo all 
the forinuloj which follow m which cost- values are given in francs. 
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(2) Saving In Annual Operating Cost, The annual operating 
expenses include depreciation and interest on the capital invested, 
and the cost of the extra energy expended in the generators and syn- 
chronous motors. 

The energy expended in the line is supposed to l>e the same with 
or without compensation. 

Let us assume the following figures; 

Depreciation of copper 3 per cent; 

of machines * 10 per cent; 

Interest on capital 5 per cent; 

Price of one k.w.-hour of energy ro centimes (2 cents). 

, Let I' equal the resultant current at the generators when there is 
compensation; and let us assume that the resistance-loss in the gen- 
erators, at full load, amounts to 4 per cent of the normal clTeclive 
output. 

Under these conditions, the saving in resistance-loss in the generatois 
when there is compensation^ will be (in francs) 


o.o4AVt, 


Vcosr/)/ \Iw) J 1000 ^ 


wherein h is the total number of hours of operation of the installation. 

The saving in interest and depreciation, for the machines, will 
be given by the sum 




{^w *f- 0“"1” ( 7 w tan <p — 


ij^y 

\coi. <t>J 


X(o.o3Po.o5)-f 


-t- 


Po 


Lp/ttf 

cos cp 


V {I w + 0^-h {Iw tan </> — 

I XV 

cos <p 




— pi E^I I 


(0.10+0.05), 
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Finally, the cost of the energy used by the synchronous motors will be 
(in francs) 


EiiX~Xh. 

lOOO 


(32) 


Numerical Example. Let us apply the preceding formulas to a 
particular case. 

Assume a transmission of 500 k,w. to a distance of 24*75 
meters with 5000 volts at the receiving end, and a loss of 10 per cent in 
the line. 

Suppose it be desired to effect complete compensation by means 
of synchronous motors running without load. These motors must 
produce a reactive leading current 


j=Iw tall 

Let us suppose, moreover, that the active current of the motors, when 
running without load, is 


Since we have 


7— o.io/i. 


tan 


we find 


Iw tan (j) 

\ lOI 


and 

Formula (28) gives 


Iw tall <j> 
\ 099 


/)2=436 36 francs ($87.27). 


The voltage at the receiving end being 5000 \olts, and the loss in 
the line 10 per cent, the initial voltage must be 

Ao=^ — =5550 volts 
09 

Let us assume the cost of the generators and motors to be ' ^ 
po—P\ = 100 francs (S20) per kilovolt-ampere. 



[N.B- — ^The capital \alucs gi'ten in columns 7 , J are in francs. To obtM the \’alues in dollars remove the decimal poinis 
place to the Icfi and amUiply b> 2 , i e., apply the factor 0.20 j 
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To estimate the size of the 

nslructcd for an E.M.F. equal to that wtJicH ll 7 
len run as compensating machines. , 

For the sake of economy, the manufadurcra lend mnn. 
increase the magnetic density, i.e., to ‘ saUiritlc J*! 
d it is scarcely prudent at present to count upon Ijcfng tt > 
ry much their counter E.M.F. by increasing U'c cxcUttliQU. 
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The depreciation of the machinery, which is higher than that of 
copper and also the consumption of energy required by the motors, 
(which latter is not compensated by the decrease in the losses of the 
generators), have the cfTcct, together, of offsetting the saving made 
in copper, even through it may be somewhat important. 

Economy of Compensation for the Distributing System by Means 
of Synchronous Motors Running with Load* There may be some 
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hesitation in regard to the choice, m this case, because the efTiciency 
of synclironous motors is generally lower than the efficiency of induc- 
tion motors, and, besides, in order to produce a leading current, they 
must have a counter E.M.F. higher than that of induction-motors. 
The effect of this is to increase theii rating and their cost. It is there- 
fore better, in each particular case, to consider whether the use of syn- 
chronous motors is advantageous or not, fiom an economic point of 
view, due consideration being given lo the necessities of the case. 
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Suppose a long-distance power-transmission project in which 
is possible to connect, with the distributing system, either some induc- 
tion motors working with a certain lag, or else an equipment composed 
of one-half induction motors and one-half synchronous motors. 

The line-current, with the induction motors alone, and with a phase- 


angle (/;, would be equal to With half the capacity in synchro- 

nous motors added, and effecting complete compensation, the current 
would be equal to 1^, 

It should be noted immediately that the loss by resistance-heating 
in the motors will be exactly the same in the two cases, because the 
magnetising current of the synchronous motors has the same value 
as the reactive current of the induction-motors, it being, however, a 
current leading in phase. 

Under these conditions, in order to maintain the loss of energy 
constant in the line, for different values of cos the cost of line- 
copper, when the induction-motors alone are used, should be 


h 


cos</>’ 


and, with complete compensation by means of synchronous motors 
which carry half the load, the price of line-topper would ho 

For equal losses the cost of line -cop per is prof)oitional to the s<[uare 
of the currcMit, the saving effected in the tost of copper, by introducing 
syntlironous niotois, would ihcrefoie be 




\Iw ^w“ 

COb (j) 

cos 




to - <1 

PyRlIiol^ 

^ I 

— cos c/>j , 

y^cos <p 


The cost of generators, without compensation, w'ould ]>o 

AqFq/u ; 

COb (f> ’ 
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and, with compensation, it would he 


The saving in cost of generators, in the second case, would, there- 
fore, be 



Let € equal the counter K.M.F. of synchronous motors operating with 

a magnetizing current ~ tan (l> which is lagging. Let cj equal their 

counter E.M.F. with the same magnetizing current leading in phase. 
The values of c and Ci arc deduced from formula (26) which gives 

«=i2i-Ji+ +^(; sill <f>~i cos </>), 


in which Ei is the potential difference applied at the terminals of the 
motor and I the resultant current. 

The nominal power of the motors and, consequently, their cost, 

would be increased, in the second case, in the ratio — , and the increase 

e 

in purchase-price of tlic synchronous motors, resulting from the intro- 
duction of compensation, and on the assumption that the price per 
k.w. of the synchronous motors and inductioii-moCois is equal, would 
be 

\ ^ 2 COS ([) ^2 COb (j) ) * 

Let US see, now, what would be the saving in annual operating expenses: 
The saving in interest and depreciation, for copjier, is 

The saving in interest and depreciation, for the machines, is 
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The saving in loss by resistance-heating in the generators (which 
is proportional to the square of the current), is 


(cos^ ^ ' 


o,o^l^\Ixo 


Fin tally, we will assume the efficiency of the synchronous motors 
to be 8 per cent lower than that of induction-motors, which is rather 
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Fig. 39. 

exaggerated, because synchronous motors are actually constructed 
whose efficiency approaches that of induction-motors. We ^^ill 
assume, however, that the efficiency is lower, in order to justify the 
assumption of equality of cost per k w. for the two classes of motors. 

The increase in annual cost of the energy expended in the synchro- 
nous motors, resulting from that difference in the efficiency, would be 


0 . 08 X— //, 
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in which, as before, // is the total number of hours that the plant operates 
per annum. 

Numerical Example, Let us take the same case of power-trans- 
mission already mentioned in which the total power to be transmitted 
k.w, is 500 the distance 10 kilometers, and the potential diffcience, 
at the receiving point, 5000 volts. 

Let us assume that the total impedance of the synchronous motors 




Annual Uft cf dn o/yy Hut f 
a/ 4ynchron0U^ 

FlO, 40. 

Table ITI 

is 15 otims, and that the plant is in operation a total of 3000 hours 
per annum On substituting the corresponding luimcriLal values in 
the jjrcLcding formula, and making the calculations we obtain data 
from which Tabic III (page 78) has been pieparcd, the results being 
shown graphically in Figs. 39 and 40, 

The line parallel to the axis, in Fig. 40, represents the annual 
loss of energy due to the decrease of efficiency of the synchronous 
motors. 
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It is seen that the curve of the saving which results from the use ( 
synchronous motors working jointly with induction-motors, rises rapidly, 
and that it becomes positive for values of cos ^ which are all the 
greater the belter the elTiciency of the synchronous motors. 

Regulation of Distribution-Voltage, The over-excitation of syn- 
chronous motors can, incidentally, enable the voltage to be raised 



at the terminals of motors and transformers connected with the line, 
and even at the terminals of llie generator. The possibility of this 
is readily seen in the case where the line has a negligible resistance and 
reactance, and where there is only one generator and one motor 
which are both alike. The difference of potential at the teiminals 
(Fig. 41), is OB {B being at the middle of A1A2), and by increasing 



Odo this difference of potential can always be made as large as 
desired 

In the g<Mieial case, by diawing, successively, \ulh their j)hascs, 
three vectois cfiual to the pioducts of the current AyC by the impedances 
of the generator, of the line, and of the motor, wc oluain a broken line 
A\BDA2 (Fig. 42) The voltages at the teiminals of the geneiatoi 
and of the motor arc OB and OD, and / 1 2 can always be sufficiently 
increased so as to make OD and OB greater than 0 / 1 1 
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Lahmeyer made an inlercsLing application of this peculiarity 
at Bockenheira, where polyphase converters were operated like true 
synchronous motors. By increasing their excitation, the induced 
E.M.F, can be raised in such a way as to obtain a secondary voUage 
of distribution which is constant at all loads. The regulation can 
be made by hand or automatically. From this point of view rotary 
converters present a distinct advantage over stationary transformcis, 
which introduce lags and whose secondary voltage necessarily decreases 
with the load, 

(2) Compensation with Respect to the Generators. It is a two- 
fold disadvantage, for the generators at the jjower station, to have 
the current out of phase, first, because the total current is increased 



d sao mo tooo xoo 

, ^ . Ampert^ 

1 1 

Fig. 43- 

and, secondly, because the arm aturc-rcac lion is greater. To demon- 
strate this beyond question, let us consider a geneiatoi su])plying a 
distrli)ii lion-system at constant jjoicntial U, Let Jxo and be the 
active and reactive currents supj>lied to that system, J Ijeing the 
resultant cunent Let A'l, Zi, respectively, be the lesistancc, 
icac lance and impedance of the generator and of the feeders; and 
let them be considered constant, and ai if located In a single apparatus. 

LcttaiiT"!^^ 1 >c the couesponding icaclancc-facioi. Let iis 

-tM 

construct a diugiam (Fig. 43) stalling from the clistrihulion-vollag: 
U, \vhich is to be maintained constant at all loads. 

The necessary E.M.F. wdll be obtained by compounding, with the 
voltage two veclois representing the volts absorbed by the 

impedance under the action of the two currents J^, and J^. The 
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first AAi' =ZiJw, makes, it is known, the angle with the voltag 
U, The second, — will lag— behind the first, since is 

Ifiggbig j behind The resultant A^A corresponds to the real 

current 


(33) 

and the line OAi represents the internal E,M,F. which the generator 
must produce in order that the distributing voltage shall equal U. 
The diagram gives the following formula, which is analogous to 
formula (26): 

+ +2^(/u>cosn4’/^sin n)* • • ( 34 ) 

In this case yi being always very large, AiAi' is almost parallel to U. 
In general, we can write, approximately, 


Ei = V(l^-hZi/d)2-f(Zi/„,)2. (35) 

It is seen that the reactive current requires a much greater increase 
of E.M.F. than the active current* If we had /^=o, the alteinator 
wcnild dexelup the ^ame powei with a lo^^cl current, .1*1/, and a 
low Cl E M F , OJ 

Let us suj)j)ose the current J to be the maximum which ihc alterna- 
tors can produce, and let us describe, around d as a center, a ciule 
of radius AA\ — ^\J The manufacturer must ha\e allowed a Mif- 
ficient maigin in the excitation to attain tlie K M F hiu which enal>les 
this cunent to be pioduced through a dead lcsi^tancc while Isccping 
the distribution-voltage at the value f/, but if he confined him^elf to 
doing that, as w^as his right, it w^oukl be necessarj, wlicn the lag 
increases, to reduce the output in such manner that the [joint A] will 
remain on the circle A^C^ described from O as a centei, with Eq as 
radius* 

In such cases the efTect of the leactivc current becomes absolutely 
objectionable, and it is then very iiecessary to reduce it l)y cmjiloying 
means such as those just considered. 

Fig 43 can serve as a numerical example in the case of a 2000- 
volt distribution where the receiving apparatus has a mean pow’er- 
factor of o 70 and the generator has an impedance of 15 ohms (the 
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two scales being thcrefoie In the ratio of 15 to i). Wc will now study 
this example in detail. 

Numerical Example. Suppose a case where energy is to be dis- 
tributed for meclianical purposes by means of a line supplying a great 
number of induction -molors. During the day, when a poi lion of these 
motors are running at liglU load, iheir mean power-f actor is about 
0.70^ i.e., the active current is approximalcly equal lo the reactive 
current, Let us assume that it has been decided that the total power 
thus distrilnited will be about 100 kw. 

The distribution-voltage is 2000 volts; the line-current has been 
predetermined on the assumption of a power-factor of 0,70; and, there- 
fore, assuming an average cfTiciency of 0.75, the currcjU would 1)0 

y 100000 

^ amperes, 

2000X0.75X0,70 

The line, having one ohm of resistance (its efTicicncy being about 
95 per cent), and being supposed to have negligible inductance, 
gives a voltage-chop of 100 volts. An allcinator has therefore l)ecn 
provided, of sufficient capacity to produce 95X2100=200 k.w., and 
it is believed that ample allowance has been made.’ This aUeriialor 
will have, for example, Ah = i8; whence ^1=1,3 ohms, 

and tan ?n = ^-3- machine furnished by the manufacturer is 

icgulatcd for a ciead-resislancc load and, conscquenlly, it is capable 
of giving, with ils fields almost saturated, the L.M F. which seems 
necessary for the full load, by making OA = (/=2ooo volts, and 
O/1 0=2580 volu. 

On ]juLtiiig the machine in ojienUion an unexpected drop of voltage 
is noted, and it is impossible to obtain the 95 ampeies calcululed. 
In fact, if wc clraw ihe segment AA\ at an angle of 4s°, starting from 
0/1 1, il is not 2580 volts whith would lie necessary, but jiraclically, 

E \^() 1 1-5230 volts. 

Since the machine can only produce 2580 volts, the ]oad-])oinl 
will have to be moved lo the point of intersection, rti, of the angle- 
line with the circle doC', The machine cannot, therefore, deliver 
mo,e than 45 amjjeres at the voltage of 2100 volls; and, since the 
concsponcling active cuiTcnt is only 32 nmjjeres, it will be seen that 
the alternalor, allhough bought for 200 k.w. and expected to l)c good 
for 100 k.w, can give, in actual service, only 2i-b2ioo=46 k,w.; 
and yet the manufacturer is not to blame. 
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To overcome the difBciilty, it will be sufficient to move the load 
point to ai j l^ccause the power will be that needed (the active current 
being Aiai) without requiring that the total current, /la'i, should 
materially exceed the predetermined current. This only requires 
that 49 amperes of reactive current should be eliminated from the 
67 which exist. The most advantageous method of obtaining this 
result consists in replacing a few induction-motors by -synchronous 
motors. If the change is made, for example, with a certain number 
of motors representing 0.75X2100 voltsX25 amperes— 39.5 k.w. of 
mechanical power, the reactive current suppressed is already 25 amperes; 
and it is sufficient, then, to produce an equal current in the opposite 
direction, by means of synchronous motors. If we assume the latter 
to have the same efficiency, they will also absorb 25 amperes of active 
current, so that their total current will be about 35 amperes (same as 
that of the induction-motors which they replace. 

Their E.M.F., calculated, in the manner above indicated, with 
the object of producing the 25 amperes of reactive current, will be 
only 2660 volts, if a single motor of 35 amperes be u.sed, and 2525 
volts if two motors of 17.5 amperes each are used, etc. These voltages 
can be attained, as a rule, with motors bought for running at 2000 
volts. 

These motors will necessarily be working under imperfect condi- 
tions, since they will only partly loaded The installation, as a 

whole, will, therefore, be losing an output of— — ^40— 16 kw. 

25 

But, on the other hand, it will Ijc gaming, in the gcneiaU)r-oul))ut, 
(67 — 31)2100— 76 kw, hence there should be no hesitation in 
adopting this method 

The CiUKlitions taken, in this example, are not exaggeiatcd, con- 
sidering the apparatus wIiilIi has l)een used until recently, and in which 
a dioj) of voltage of 30 ])er cent in the aheinators untiei full load on 
a dead resistance was a frectuenl onurrence These conditions 
occurred at Hoc ken h cun, where, according to Luhnieyer, the output 
of the generators was doubled by introducing synchronous motois 
These conditions would occur on many of the actual distribution sys- 
tems if induction-motors were cxtensi\ely introdiued 

With the more lecent types of alternators the conditions are Ijcltei, 
and, consequently, tiie use of synclironous inotois may be less advan- 
tageous. Nevertheless llie 1 eduction of geneialoi -output by the use 
of synchronous motors can still, easily, amount to as much as 25 to 
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30 per cent, For this reason it is always desirable, in any extensive 
installation, to consider the expediency of utilizing a sufiicient number 
of synchronous motors, to avoid this reduction of output. 

Comparison batween Synchronous and Induction-Motors. The 
preceding remarks show the great advantages which synchronous 
motors present in comparison with induction-motors, in certain cases. 
Their stability of operation is not inferior to that of induction-motors, 
because a siiigle-jdiase induction -motor, and even a polyphase induc- 
tion-motor, also falls out of step when Loo much overloaded, unless 
the secondary resistance has been made quite large, at the expense of 
e/Ticiency. The two points of inferiority of synchronous motors are, 
first, the fact that they are not self-starting, and, second, their low 
eihciency. In reality, their inferiority in these two respects is not 
as great as supposed, because it is possible to make synchronous motors 
which are seif-starting without load, and as for their efficiency, it can be 
made as high as that of induction-motors, if they are properly designed. 

On com])aring a synchronous motor of Kapp type, with non- 
lam in a ted poles and expensive excitation, consuming, when running 
without load, a current equal to one-third the full-load current, witli 
an induction -mo tor of the most perfect Oerlikon type (see article of 
Kolbcn, Eleklrolechmsche Zeilschriff^ Nov, i, 1894) it is not difficult 
to establish the superiority of the latter. Bu , if, in the said induction- 
motor, the bars of the rotor were to be transfoimcd into aD.C, exciting 
circuit, it would be obscivcd that the difTerciuc in efficiency becomes 
very small. 

Synchronous motors have a great advantage in construction because 
they admit of much higher magnetic densities than induction-motors. 

[Use of Synchronous Motors to Raise Power-Factor in America. 
The compensating action of over-cxcilcd synchronous motors is 
utilized extensively in America for improving the power-factor of 
distributioii-sysLems. 

As an interesting example of the practical application of syiichio- 
nous condensers some figures obtained from the Detroit Edi.son 
Company aie given in Appendix C. C. 0 , M.| 
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ADDITIONS TO THE THEORY, SECOND APPROXIMATION 

Imperfections of the Theory. Owing to the hypotheses on which 
it is based the preceding elementary theory, in common with all theo- 
ries concerning alternating current machines, has certain imperfections. 
We shall discuss these briefly. 

(1) When the currents are not sinusoidal, the results may be mate- 
rially modified. At this point, it may be slated that we should pie- 
cisely endeavor to make machines giving sinusoidal currents for power 
transmission,^ because, if their E.M.F. do not comprise exactly the 
same harmonics, the circuit becomes the seat of parasite currents, 
which are often very important. For example a certain Labour syn- 
chronous motor having a sinusoidal E.M F. when run without load, 
being supplied with current from the distribution system of the Champs 
Elysdes district, where the E M F. ^^as non-sinusoidal, requued a cur- 
rent almost double that which it consumed at the factory when supplied 
from an appropriate generator. This fact, among many others, shows 
that the effect of harmonics cannot, by any means, be considered 
negligible, 

(2) The reactance A” of the motor is not constant, Init \aries with 
the excitation, with the strength of the aimatuie- current, and with its 
[)hasc-difference with resjiei t to the EAI F A'j 

In practice, the angle dilTers sufficiently from 00° to make its 
variations, under the influence of the pieced mg effects, ver) small 
Consequently, the line of zero phase-difiorcnce, A\X, in Fig 27, is a 
curve which is always sufiuiently flattened to waiiant our continuing, 
without material error, to compare it to a straight line. But the [)o\ver- 

^ This question \\as discussed bv various authors in the Llectncal World, 
which had the happy idea of opening us columns to that \<.‘rv imercMing ion- 
troversy. The greater portion of those who expressed their opinion, and anunig 
them the author of this work, were in accord in rect agnizing tlie iniporlant 
advantages of a sinusoidal E.M.F. from various points of view 
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circles will be more or loss deformed by these variations of reactance. 
The saturation of the fields, for strong excitation-currents, reduces 
these deformations and raises the right-hand branch of the V-curves 
more rapidly toward the toj) than calculation would indicate. It is 
generally admitted that there is no other way of taking these deforma- 
tions into account than by ])lotting the V-curves ex])erimentally. 

(3) No attention has l^cen paid to the variation of losses in the 
armature other than the resislanccdoss. It may he remarked that these 
losses will vary but little, since the friction is sulxstaiilially constant, and, 
in a motor supplied fiom a constant potential, the resullanl E.M.F, in 
the motor remains almost constant. Likewise the induction and the 
hysteresis lo.sses and the eddy currents remain approximately constant. 

The only variable losses are those due to eddy currents in the 
fields, and the energy expended for excitation, neither of which have 
been taken into consideration in what precedes. 

Practically, theiefore, no gieat error has been made in supposing 
the losses in the iron to l>c constant while increasing slightly the no- 
load losses (by way of compensation). 

Attention is, therefore, called to this last source of imperfection 
merely to show its influence. In reality, the same thing might also be 
said in regard to the first two causes of imperfection, because the 
true object of this theory is only to elucidate the general course of the 
phenomena, and to give a method of calculation which will he sufTicicnt 
for piaclical ])iirposes. However, the clTccls to which attention is 
called above may assume sullkicnt importance, at times, to justify a 
somewhat more detailed investigation. This is nioic especially true in 
regard to variations of leattaiicc. 

Variations of Reactance with Lag of Current and Saturation of 
Fields. Armature -Reaction. T\\e author has shown, elscwliere {Vln- 
duslric Elcciriqucy 1899, p. 481) that the self-induction of any ulternalor 
can he ic})ieserited l)y two armatuie-ieactions:! 

(i) An armature-reaction directly opi)osed to the exciting ampcic- 
turns and whkli is equivalent to 

^ A\V7,/ 

\A';V7<iV7= — 

\ 2 

counter-ampcrc-turns. In Ihi.s equation /^|=«lhe effective amperes 
of reactive cm rent, with rcs])ect to equals the number of anna 

ture conductors in the induced field ; and K equals a coc/Ticient which 


Sec Part II, Chapter I, 
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depends on the shape of the pole-pieces. The induction-flux is pro- 
duced by the algebraical resultant of the exciting ampere-turns and 
of these counter-ampere-turns. 

( 2 ) A transverse reaction producing a flux which closes itself trans- 
versely in the pole-pieces, without penetrating the field- windings 
and having a numerical value equal to 

L'U 


wherein a coefficient. 

This resolution, of which the validity has been shown else- 
where, takes into account the lag, since the current intervenes by 
its two components (active and reactive) with respect to the E.M.F. 
of the motor. [The words “active ” and “leactive” are here taken 
relatively to an E.M.F. induced with open circuit. The phase-angle 
thus obtained is therefore slightly different from that which would be 
found at the terminals.) It also takes into account the saturation 
of the fields, since the resultant flux of the fields is calculated from 
the am|)ere-iurns themselves, by reference to an excitation-curve 
obtained experimentally. 

As to the transverse flux, it is substantially independent of the satura- 
tion, because the reluctance of the magnetic circuit through which 
it finds its path is substantially constant. That is u hy L' can be con- 
sideicd constant. 

Witli this assum|3lion, it is easy to establish a new diagram for 
synchronous motors which will take these reactions into account. It 
will be sufiicient to segregate the motor-reactances Let sand .v equal 
the impedance and the leactancc, icspectivoly, of the generator and 
of the line, and of the magnetic leakage of the motor, and let R equal 
the resistance of the ciiciiit, mcliiding the inotor-resist.uice. (I'he 
generator-impedance may be neglected when the cunent is taken 
from a distribution-system.) Let equal the effective motor , 

i.e., the E.M.F. produced by the resultant fields of the field and 
armatuie ampere- turns. 

The gencratoi E M F. Ei will be equal to the resultant of the following 
three components' First, the effective ronnier E,M,F ^ £ 2 y\\\[h 

its sign reversed; second, the transverse reaction-- E M F. .42^— 

with its sign reversed and having a phase-lead of — ahead of $ 2 ] and, 
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third, all the load-losses produced by the impedance z; tills latter 
being lepresented by a vector BAi^zl (Fig. 44) which makes the 
angle 0 with a line BD that is itself drawn at an angle d with OA 2 
such that 


The line BA\ can serve to define the current 7, in magnitude and 
in phase, if BY be taken as the axis of reference, with a scale Z times 
greater than the scale of volts. 



This vector zl can be resolved into two F.M.F.’s, viz/ 
BD—zly^y produced by the active cunent, and = produced by 
llie reactive current. 

'I'lie line A^D^ closing the tiiangle A^BD, then represents the 
combination of the reaction — K j\l.F ’.scluc to the active cunent, and it 
makes, with 0-V, the angle y defined by the equation 


tan y- 


<,»77-h0 

"" li 


[It will lie noted that the diagram clKTcrs from the preceding by the 
definitions of z and which do not include the motor-reactance,] 
Moreover, we will have 


ADDITIONS TO THE THEOBY. SECOND APPLICATION 96 


wherein Ni equals the exciting ampere-turns, and / equals the function 
which defines the law of variation of the induced E.M,F. with the 
total inducing ampere-turns (this law being defined, in practice, by 
means of a curve). The ampere-turns of the armature are, in fact, 
demagnetizing, whenever lags behind £21 i.e., when the point Ai 
is at the right of the axis BV; and they are, on the contrary, magnetiz- 
ing, when Ai is at the left. 

The segments and zl^ again measure, in magnitude and in 
phase, the active and reactive amperes by reference to some suitable 
scale; and the phase-angles (lags) arc measured from“the line BV^ 
which serves as axis of reference. 

The output is the sum of the outputs corresponding to the currents 
and The induced E.M.F. is composed of the E.M.F. £2, pro- 
duced by tlic direct field, and of the E.M.F, (wA'/J, produced by the 
field of transverse reaction. The first is in phase with 7 ^, and the second 
with 7 ^, We therefore have 


P'2 — ^27ii> — (ol/f u) I j 


The diagram therefore gives us again all the conditions of operation 
of the motor \\illn)Ut material increase in compliuili(>n ^ 

First Application of Corrected Diagram. Determination of 
Reactive Current as a Function of the Excitation, with Constant 
Active Current. The preceding diagram cnablc.s us easily to find 
the values of the rcaaive (.uiient as a function of the excitation and of 
the active current, by the additional assistant e of the e.v itation-( urve 
for open ciKuit, either obtained exiieiimcntally or else piedetermined 
])y (akulation This curve (Fig. .15) gives, for each value, F, of the 
ampei e-turns, the torres|)onding induced K.M.F. 

’ q'hc piobleni is re.illy nnith more tomplev, csi)e(ia]ly when the load 
(li.inges sutidenly, since the efTea on the lield-llux due to Llie armalure-reac - 
tion does not then appear as fa>t as the dianii?e of armaUire-t urrent 'Die 
flux may indeed remain constant lor several setonds, even if the arinatuic-i ur- 
rent LhanKus tonsideiably. Heme, for sudden ilianges of load the phenomenon is 
lai^^ely I'fjverncd by the true self-induction of the armatine only 'I'lius, the 
armaLuic-retu tance may be only from i per cent to \ per cent, whereas, foi 
slowly changing loads, it would be equal to the synclironouh reactance, say, 
40 per cent Therefoie, machines which have good mutual indut tion between 
field and armature, such as high-speed motors and turbogenerators, may be 
unstable if the Imc-loss is great and if the load changes suddenly. The 
remedy in such cases is to install external reactances — E J II, 
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We thus obtain the line of reference BY^ which represents the 
condition when the current is in phase with respect to eg. The locus 
of the characteristic point Ai is a straight line DQ perpendicular to 
BD^ while the locus of the point Oi is the straight line OX, For 
each value /w, we therefore know the two straight lines at which the 
vector AiO\i equal to the supply E.M,F. E\, should always terminate. 
All loads corresponding to the values will therefore be determined 
by taking points such as etc,, on DQ^ and by drawing circu- 
lar arcs of radius The respective intersections of these 

lines with 0 ^/ 1 2, give some E.M.F.^s values, £2, which are proportional 
to A20iy A20 i^ yl20i", while the corresponding reactive currents, 
are proportional, respectively, to the lengths 7 ^/ 1 1, D/li', 

For each pair of values of and £21 the corresponding exciting 
ampere-turns F will then be obtained by referring to the excitation- 
curve. Lei us take, on this curve, the point j 1 /, which has for its 
oidinate llic resulUint E.M.F, £2* thus determined. The correspond- 
ing abscissa, Om^ measures the resultant ampere- turns. 

/'±.~ A'V'/rf. 

2 


It is thcrefoic sufncienl In sulHract, from this abscissa, the counter- 
amj)ere-tuins of the ai mature, = in order to ol)tain the abscissa, 

Om^=F^ which rcj>rcsents the excitation, and, consequently, rci)rcsenls 
the K Af F. indiued t>ii open circuit which would be olHained witli 
this ex( ilalioii. 

It must not 1)0 f 01 gotten that the ic active current is demagnetizing 
and j)OMlive if (oiintetl to the right of the axis I'V', and magnetiz- 
ing and negative if <ounte<l to the left (see page <m) The uppei 
signs in the uljove fourmhe ap])!y in the fiisl (ase, and tlie lower signs 
in the second case. We will therefore have <£2 if the point A\ 
is to the right of the point D and, on the contiaiy, >£2 if it is to 
the left. 

In the particular case where a motoi ib connected directly, without 
additional rheostat or sell-incluclion, on a constant jjotential circuit 
of great output, and, when the impedance z of its leakage is negligible, 
D coincides with and the line QD then passes through the point 
B itself; which simplifies the diagram still further. 

The diagram which has just been explained is most precise in the 
case of an alternator working at the knee, or above the knee of the 
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characteristic curve, or presenting unequal coefficients of direct and 
transverse reactions. In the elementary theory it \vas assumed, on the 
contrary, that the permeability of the fieid-circuii is practically constant 
and that the two rcaclion^cocfficicnts arc equal. 

Particular Case where the Permeability of the Field-Circuit is 
Constant and the Two Reaction-Coefilcients are Equal. It is inter- 
esting to note how, in this case, the new and more general diagiam com- 
prises the previous forms as a particular solution. It is only necessary, 
indeed, to observe that the coefficient of transverse reaction, then 



becomc.s equal to wliaL we have termed the coerficieni of mean self- 
induction L, Likewise, the direct armaiurc-rcaction, w’hkh iiroducc's 

tounicr-ampcres-Uirnsdue to the reactive cunenl, gives rise 

V 2 

to a counter TC.M.F. whicli can l)c represented by w/J,,. 'J'ticreforc, 
between the efTeclive E.M.F., sa, and the open circuit JC.M.F. obtained 
with the same excitation, \vc have the loiation 


s-i—ojLrd, 

Ij being always taken as iiosilive on the right-hand side of BY and as 
negative on the left-liaiu! side. Suppose, for examine, to be negative. 
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It would be necessary, in order to obtain E2, to add to the segment 
O1A2 (Fig. 47)) a section 

OiOi'^a)lU 

It amounts to the same thing if this segment is drawn parallel to 
and to the left of Ai, along AiA^j and if a circular arc, of radius Eij 
is drawn from A'g, to cut 0^42 precisely at the point 0 \, 

Now if we join DA\^ it is seen that the triangles DAiA\ and 
DA^B are similar triangles, since the side DAi and DB^ also 
AiA^i and BA2 are respectively perpendicular and proportional each 
to each* It may be deduced from this that the line DA\ is per- 



pendicular to DA2 On the other hand, the veclois AoD and PA'] 
l)cing the lesultanls of the loss of potential in the motor and in the lest 
of the circuit, evidently repiesent and icspeclivcly, uhen / 
equals the toLd impedaiue of (he ciuuit. Hie diagiam (omjioscd of 
the right lines A^P^ D/Ph A]A\y A/)y is, theiefore, nothing mote 
than the diagram which would have been obtained flircclly by the fust 
method. q e d 

I'ig. 4S shows the same analysis for the case where is 
(/^ being positive). The piecisioii of the power-formula alieady given 
can also be verified; for, in this formula, 


£2^ u> ^^coLIwPij 
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if we substitute for £2) Its value, 


we have 


€2— + 


as before, 

Second Application. Operation with Constant Excitation, on 
Constant-Potential-Supply System. When once the V -curves have 
been drawn it is very easy to obtain from them the different load- 



values corresponding to any given constant excitation, These values 
can also i)e determined directly from the diagram in the following 
manner: 

Let us lake the reactive current and let us find the active current 
corresponding to each value ihcicof. The direction A^D (Fig, 49) 
being, Ihcrefotc, conslaiU, ran be drawn once for all. Likewise, the 
direction /I2IL, to which the reaedve segments DAi are parallel, makes 
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with OA2 a known angle, —— 5 . Since we assume the values of 

2 

wc can calculate the values zl^i and (As before z represents 

V 2 

the impedance of the armature only). 

Let us draw, on a segment A^A^zl^. The point A must 

fall on a right line, AA\y which passes through the point A and which 
is parallel to A2D, Again, knowing £2, the excitation-curve gives 
the excitation ampere-turns F, Subtracting ^KN^l^iy we have the 
resultant ampere-turns, and consequently, the effective E.M.F. £2* 
Let this be drawn on A^Xy to A^O* The load-point /li must fall on 
a circle described around O as a center with E\ as radius. It is 
therefore determined by the intersection of that circle with the right 
line AA{ |)reviously drawn. 

We thus obtain the value of and, consequently, the 

current 7 ^,. From this we deduce the electric power applied to the 
motor, 

P2 ^ ^2 hv “ w A'/iy X Id 

On the oihci hand, v 7 ,r-i-/tii- We theicfore obtain, by points, 
the relations between 7 and 7 ^> both cxf)resse(l as a function of £2 
whicii serves as an inlermediaiy variable 

V-Curves. 'Die diagi am does not lend itself to the direct determina- 
tion of the V-iiuves foi constant power, owing to the complicated 
expression, which is not explicit as a function of ami as it was in 
the 1‘lenu‘nlary theory. 

llui these ( utve.s c an l>e deducerl from the curves of constant exiita- 
tion. wlien these aie drawn by the process indicated in tlic |)receding 
|)aragraph. 

Influence of Field-Saturation onStability. Hie stability is evidently 
gicatei the liigher the E.M.F. of the motoi at the limit of lag Now, for 
the same reactive cuirenl, the loss c^f potential i>ro(liiccd l)y the direct 
leactancc is all the less the higher the degree of excitation abuvx the 
knee of the charac'leristic. It would therefore be advantageous, from 
the stand ])oinl of stability alone, to have the fields saturated. But 
thcie is a limit, here, owing to the amount of energy re([uirecl for excita- 
tion, and the desirability of a certain maigin to enable the voltage to 
i)e raised 

The cut-aiul-trv piocess involved in finding the uMiidinales of 
the V-curves may be obviated, wUhotU ioniibuctiHg any curva^y by 
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utilizing Fig, 46. ICnowing the value of P and assigning a value to 
the equation, 

p2^ ^ 

can be written as follows: 

^2 -o)f/Ifi= constant == M (a) 

w 

Taking, in Fig. 46, a point /li on the right line J 9 (), as a center, 
let a circle be described with a radius equal to Ei, Let 0 \ be the 
intersection of this circle with the right line A2X. The values of £2 
and I(i can then be immediately deduced. We find 

e 2 ^AiOx 

and 

z 

These values introduced in equation (a) will give, for example, 

Should this value be greater than jlf, it is because the point Ai was 
located too near D, If, on the contrary, the value N is less than 
M, it is because the point A\ is loo far from D. The point A^ may 
be moved until the values found for C2 and /,/ give a value for N equal 
to il/, Wc can also proceed otherwise. Having found, quite easily, 
by the above melhod, two positions such as Ai and /li' which give, 
for the polynomial two values, one a little loo large (*V) and the 

other a little loo small (A^")> point, /![', can be obtained by 
interpolation such that 

This gives the desired value of the power, P, with a suOicicnt degree 
of approximation for piactical puiposcs. 

Influence of the Wave-Form of E.M*F, The .sha]>e of llie F.M.F, 
curves of the generaioi and motor should apjuoach the .sinusoidal 
form as much as possible in order to avoid instability and low cHicicncy. 
Let us fust sup|)ose that only one of the two maihincs departs from the 
sinusoidal form. By viitue of Fourier’s themem, its E.^f F. can be 
considered as the resultant of llie .superposition, upon a principal 
sinusoidal, of higher harmonics, i.c., of sinusoidals of highci frequency 
(odd multiples). 
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The fundamental can alone produce useful power, because it is 
known that energy cannot be produced by the action of an E.M.F. 
until the current has the same frequency. Since the harmonic terms 
exist only in one of the machines they will simply produce parasite 
currents therein which will increase the heating by resistance-loss with- 
out any useful result. 

It is known that the square of the ciTcctive current is equal to the 
sum of the squares of the effective currents of the component sinusoidals. 
The healing produced separately by each of the harmonics will there- 
fore be added to the principal heating. This ellect makes itself readily 
apparent in the V-curves by an increase in the minimum current, 
wiiich will be much greater than would be necessary to obtain the power 
actually developed. This can easily be observed by means of a watt- 
meter, which will indicate a real power no longer equal to, but really 
lower than, the appaient power (product of the effective current by the 
effective voUage). It cannot be possible that cos 0 is lower than unity, 
since the curicnt is in phase, as we know, under these conditions. 

It (an even hapj>cn, as noted by Bedell and Ryan {Bedell and Ryan^ 
Journal oj Franklin Insldide^ Mar,^ 1895, Fig, 9), on a motoi having 
a strong tlurd harmonic, that the V-curve breaks up into two branches, 
one of wiiicii is normal, at high excitations, the other i)eing parasite, 
and veiy high at low excitations. Belueen these there is no .stable 
load ])ossil}le, without adding a strong sclf-mducLioii in series. Hie 
author, vvlio has liimself observed similar phenemona (. 1 , BlondeL 
Flcdrotcchnisfhe Zdlsthfifl, Afnil 2^y attiil)Utes this favoralile 

effect of a laige H‘lf induction (an effet t which is contrary to the tlicory 
given on page 53) to the olililciation (throttling) of the hai monies, 
whicii meet, in passing through the selMnduction, a reactance that is 
projioUional to their own ficfjueniy. 

In the case whcie it is the gcneraloi which has a disloUed k'.M K , 
it can ]je eliminated, as M. I’ciot has sliown {Perol, Conipics-Rnulusy 
() Aug y 1900, p. 337), by connecting in parallel, on the line sujiplied 
by this geneialoi, a syiuhronous motoi (or a conveiter) having a sinu- 
soidal E.M.F. Thi.s a])))atatus, opposing no harmonic to those of the 
generator, shorU iicuits them without rediuing the principal siiui' 
.soidal. If, thcrefoie, w'e take Z c(|ual to the generator-impedame 
(or that of the group of gcnciators) and z equal to the motor-imjie- 
dance, the amplitude of the harmonics, at the teiminals, will 1)0 

substantially icduccd to of their value on open ciicuit. X^erot hiU 
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thus been able, in a piactical case, In reduce these harmonic terms 
to one-eighth of their value. 

The case is different when the E.M.F.^s of the two machines are 
equally distorted, because the harmonics which produce the parasite 
current are then resultants of harmonics of the same order in the two 
machines. Since these harmonics arc all of odd order, the two sets 
will oppose each other, if the principal sinusoidals arc themselves 
opposed, as is approximately the case under normal operation when 
there is no lag. 

Consequently, if like machines are used as generators and as motors, 
a considerably distorted E.M.F. curve would produce parasite effects 
which are much less important than in the first case, and almost 
negligible if care is taken to have the operation correspond to the 
lower pari of the bend of the V-curve. 

Simplified Diagrams. The diagrams shown in Figs. 44, 46, 49 
correspond to the most general case where it is desired to lake into 
account both the direct and the transverse armature-icactions. 

Inasmuch as the direct aimature-ieaction alone affects llic total 
excitation ampere-turns, it may seem, to some, an unnecessary com- 
plication to introduce the transverse reaction in the diagrams. For 
the benefit of those who prefer Kappas simplified thcoiy, other 
diagrams have been prepared (Figs. 44^, 46a, 49(7) in whicti the trans- 
verse reaction is neglected, r.c., where it is assumed that 

In constructing these simplified diagrams it is im[)Oitant, as Irefoic, 
to determine the values of the icsullant E.M.F. £<2 by icfeieiicc to 
the law of magnetic saturation as represented l)y tire IvM F. chaiac- 
leristic curve shown in Fig. 4S(7. In this diagram the abstissic icjnesent 
excitation ampere-turns, and lire ordinates represent !C.M F.’s. If the 
point M' represents the E.M.F. K2 with open ciivuil, and if Om' 
rej^resents the couesponding excitation ampei e-turns, then, on sub- 
tracting from Om the ampere-luins (oriesj)oiKling to the reatlivc 


current Id or making 


KNIj. 
\ 2 


the ordinate Mw (oirespoiKling 


to the ai)cissa Om will ire the E.M.F. £0- 

The inij redance involved (z) is that which corresponds to the 
magnetic leakage of the aimatiiic. h1g. 44a shows how the cor- 
responding ]rolential difference zl can Ire lesolved into two comjroncnts 
obtained by projecting /li/loon IT' and on lire line DAi perpendicular 
thereto 

The component DA^ gives the value of when z is known. 
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Fig. shows how the values necessary for constructing the 
F-curves are obtained; and Fig. 4ga represents the case where the 
synchronous motor is operating with constant excitation and at con- 
stant potential. 






These diagiiinis gi\e a degree of precision which is. generally 
sufficient for piaclical piu])oseb, being intermediate between that 
obtainable with the sim]jliiied methods, used in Chapter II and the 
more rigorous method used in Chapter IIL Moreover, the diagrams 
44a, 46a, 49a express armature -reactions in terms of magnetomotive 
force more precisely than if the total zl resultant were to be expressed 
by a magnetomotive foice, 


CHAPTER IV 


OPERATION OF SYNCHRONOUS MOTORS, HUNTING 

Synchronous motors aic not self-starting, the same as other electric 
motors, but they have to be started by some artificial means such as 
described hereinafter. 

Starting by Direct Current. The simplest way, when there is a 
source of diiect current and the synchronous motors arc provided with 
a commutator for i)roducing dirca current for sclf-cxcilation, is to 
start the machine as if it were a D.C. motor, with the armature and 
fields connected in parallel. This plan can be especially adopted 
in transformer stations using motor- transformers, so as to start a set 
of motois operating dynamos as soon as one has l)cen j}ut in opciation. 

Starting with Alternating Current by Polyphase Motors. Wlicn 
there is no D.C. source, the altetnating cm rents themselves must ))e 
used for starting the motor, cither by mounting on the shaft of the 
machine a small induction-motor which selves to lun it without load, 
or, moic frequently, by using the machine itself as an induction-motoi . 
(When a small motor is used its ca])atiiy sliould be about lo per cent 
of that of the machine. It can be even less, if it (an withstand ovei- 
loading for a few seconds.) 

When using the madiine itself as an induction-motor, the first 
step is to suiJj)ress the legularcxiilation, which would jjrevcnt the ai ma- 
ture from moving. The second step is lo connci'l the armatuie with 
the source of alternating supjily, taking caie to lower the voltage suf- 
ficiently to prevent excessive cinicnt through the armature. The 
t^rmatuie then behaves as if it were the primary winding of a i evolving 
field machine in which the fields, and more especially the pole-pieces, 
play the role of secondary circuit. 'I o obtain a torque c(|ual to a <iuarUn* 
the normal torque, it usually rc(iuires, by this method, a cm rent at 
lea.st douldc the normal current. To complete this action, it is well 
to short-circuit the field-winding. Certain manufacturers have, 
for this purpose, arranged in the pole-pieces, as shown in Fig. 50, a 
series of slots containing windings 01 bars of copper, connected together 

100 
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like the armature of an induction-motor. In that case, the motor 
starts normally, and with a current which depends on the resistance. 
In any case this current is higher than in an induction -motor because 
the air-gap is gieater and requires a stronger magnetizing current. 
For this reason, it is well to start the motors without load, in order 
to avoid excessive starting currents. 

I'lic production of the revolving field results from the eddy currents, 
but in the absence of these, the pole- 
pieces, even when laminated, give 
rise to hysteresis effects which are ‘'iMJ 
often sunicient for starting the motor 
without load. In certain motors 
having laminated poles the starling ; 

current is about double the normal A 
fulUoad ( 111 lent. 

'Phis effect is explained by the 
fact that, duiing the lolation of the ^ 

Iielcl, there is a slrongei a tti action Fig. 50. 

in the direction of motion than in 

the opj)osiLe cliredion owing to the lag of the magnetization behind the 
changes of Held jM'odiuing it. 

Synchronism. In pioportion as the armatme-specd increases, 
the magnetic putsalions pioduced by it in the pole-]heces become less 
nunu'UHis, as can be seen on connecting a lamp to the field-ciicuit 
and noting Us vai iaiions of brightness. It is well to provide a c eiUrifugal 
regulaloi which connecls this lamp in ciicuit only vhen the speed 
approadics syiuhionism, heeause, at lo\^er speeds, it would be sub 
jea led to ex(essi\e voltage. When syiuhionism is almost attained — 
(the speed geneially lemains slightly lowei,) — the fielcK are exuled 
when the phases tome into op[)ositi<)n, the motor fails into sle[), and 
the cunent immediately diminishes, owing to the disap])earaiue ol the 
icailivc (unent whuh vas absoibed up to iliai time. The moie caie- 
fully tile time has been selected for closing the exc italion-circ uit, the 
mole easily the motor will fall into step It is well, as a uilc, to inc lude, 
in tile ciicuil, a variable self-imliK tance, wliieh has the effect of pre- 
venting excess of current and of damping objectionable luu monies 

Wlien once the motor is in synchionism, it can be loaded progres- 


sively, by shifting the belt from the idler to the driving pulley This 
should be done very carefully when the mechanical resistance (load) 
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In the particular case where it is possible to start the generator and 
the motor at the same time, the operation of starting becomes easier 
and there is no necessity of suppiessing the excitation of tlic motor. 
The motor starts of itself by giving it a slight impulse, it falls into step 
at the very first period, owing to the low reactance at low speed, and 
its motion then accelerates synchronously witli that of the generator, 
increasing gradually to full speed. 

Observations on the E.M.F. Induced in the Poles. During the 
starting period, the fields are the scat of an impoitanl alternating 
flux whose frequency attains, at first, the same frc(|uency as the alternat- 
ing currents themselves. The result is the ])iocliiction of a very high 
E.M.F. in the field-winding, which is gencially made of fine wire. 
If, therefore, this winding remains on open circuit, its insulation should 
be particulaiy good, and contact should not be made with its terminals. 
It is preferable to short-circuit this winding. This alternating E.M.F. 
naturally vanishes when synclironism is attained. It is obvious that 
the armature-brushes on the D.C. side must also be disconnected, 
since, otherwise, the pulsating ciurenl would produce a braking ciTecl 
which would prevent the motoi from starting. 

Accessory Starting Apparatus, Installation of Synchronous 
Motors. The starting pioccss involves the use of two kinds of acce.ssory 
apparatus, i e., phase-indicators and current-controlleis. 

It is also well to piovidc fuses and aulomatic chcuifJircakers which 
break the main circuit whenever iheie is no cxdtation. 

PhQsc-lmlicQtor^, Phase-indicatois play the same lolc in this 
case as in coupling alternators in parallel. They arc of the same kind 
and arc connected in the same way Their use is re(ommcnded for 
large-size motors. 

When a synchronous motor is started by a direct curient oi l)y an 
auxiliary motor, a lamj) of highci voltage than that of the sup ply -.source 
may be connec ted in series w'ith the motoi . Owing to its high rc.sislance, 
this lamp burns feebly at fust undci the action of the F.M.F, of the 
.source of su|)ply In protioition as the motoi increases in speed, if 
the fielcUu'inding is connected with a D.C, source, the K.M.F. which 
arts on the lamp, being the resultant of Ihegencrator and motor IC.M.F/s, 
will produce beats or jHilsations which wall giacliially become less fre- 
(lucnt. The proper time to connect the armature directly to tlie cir- 
cuit is when the beats have become extremely .slow, and when the lamp 
goes out, thereby indicating that the E.M.F ^s are in O[)position. 

When the motor is started without field -excitation, as an induction- 
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Pr/mory 
? Sa/hiy/vses 

Oround 


/?h&Qsht 


molor, this method is no longer applicable and the pliase-lamp (or eit 
several lamps in series) must be connected to the terminals of the field- 
circuil, which is then subjected to the inductive action of the variable 
flux of the armature. The lamp burns brightly at first, then its bright 
, ness diminishes gradually, and the extinction of the lamp shows that 
synchronism is ai)})ioacliing; tlie direction which the E.M.F. will 
have when the circuit is closed is not 
determined, but this is generally of ^ Un ffii 

very slight im]Doriancc. 

With a well -constructed sync'hron- l^nsfonA 
ous motor there is no need of a phase- M' j: \ 

indicator, because, when once it has Oround Oround 

attained its highest s])ccd as an indue- 

tion-motor (which may sometimes rc- ''i 

, 1 . , ^ , ! /rh&oaht 

quire several minutes), the powerful 

reactions which occur when the cx- ^ ^ ^ 

cilation-circuil is dosed arc sufiicient 

to insure the machine falling into step. _ ]j_ 

Cutrcnf-cojtholla s. It is necessary, ^SecordS/ajo j iij^ U 
in order to rcdiu e the amount of cuirent . jS B 

taken from the line during the starting ' wu ffil 

period, lo cm j)loy a currenl-{ onlroller, i : ' 

owing to the absem e of i ounter K M V Fpr] 

in the armaUnc. Use may be made r , | j 

for this jaupose of a simjde iheosLat D 

or a choke-coil. Rheostats aie more J j 

fre([uently used, on account of their 
simplicity. SuiUhing a))))lian(es are 
used for the j)ur|>osc of unmet ting them ^ i : 

into drtuit and then short-< in uiting 
them, an armature t iit uitdaeakei .. . 

being interposed lo bieak ihe tucuil in ™ [ J ^li— li— ilisd 

case the (leld-CM ilalion fails. I * I S 3 

Mg 51 shows, for exam]>le, llie Pu. 

diagram of the starling aj)pauiUis 

of a certain tyjjc of tliiee-phase motois langing fiom 1 lo 22 II R When 
the motoi is at rest, the pulley is on the idler . 1 , the Iriple-swiuh C 
and the excitation circuit-breaker J) aie open. 

"J'o stall the motor the lriple-]K)lc suitch C is dosed on the first 
steps, and the motor then leccives a current from the supply-lrans- 


f f^e<^uhttn<j 
I fVus sfance 
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former through a rheostat which limits the amount of current. The 
motor starts and attains synchronous speed in from 20 to 30 seconds. 
The field -excitation circuit is then closed, and the counterweight of 
the circuit-breaker is lifted, which enables the tiiple-pole switch to be 
brought to the second position* The motor then receives the current 



Primafy 

l/ne 

Transformer 


/U Resl: 

The belt Is on the loose pul- 
ley /I. The circuiL-brcakcr 
/ is open. The switch C is 
to the left. 


Sfat^iing: 



1. Throw switch C to the 

Hgln. 

2. Close circuit-breaker/,^ 

3. When synchionism is 
reacheti throw switch C 
to the left. 

.\, Shift licit from pulley 4 
to pulley B. 

Siopifi>t,q: 

I Shift hell to ))ullev ,1. 

2, Open circuil-hrcaker /. 

N. Tl. 

To ( lianijfc (liredion of 
ToliUion transpose wires a 
and A, and r and <L (Pig. i ,) 


Fig. 


directly, and it attains full speed. The belt cun then be transferred 
gradually from the idler pulley to the (hiving pulley /i. 

To stop the motor we proceed in inverse order. The belt is sliifted 
to tlie idler pulley Ay the counterweight is dropped (which causes the 
lliree-pole switch to open), and finally, the circuit-breakei D of the 
ji eld-excitation circuit is opened. 

For motors of 25 to 50 H.P. the single resistance is replaced by a 
variable rheostat and the switches have but one step. Once the speed is 
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attained the rheostats are short-circuited. For these large motors, 
separate exciters are generally used, as already seen (Fig. 52). 

The operation of starting without load does not require more than 
20 to 30 seconds, and it is effected with a current not exceeding the nor- 
mal full load current, 



Fig. 53, 


It will be observed that the process of starting involves the use of 
high-tension switches on the primary circuit, to isolate the transformer, 
also fuses on both the primary and secondary circuit. 

The belt is shifted from the idler to the driving pulley in the ordinary 
way by a belt-shifter. Fig 53 shows the manner in which this shifter 
should be placed to correspond properly with the direction of rotation 
and the direction of driving, for an 
observer placed at the commutator end. 

Figuies A and B refer to the case ^^here 
the direction of rotation (indicated b\ 
the arrovs) is the same as the hands of 
a watch , and Figs C and D refer to the 
case where the rotation is in the o]>posite 
direction. 

The use of a leactancc-toil instead of 
a rheostat has the objection of increas- 
ing the lag of the current taken from the 
supply-source, which current alreach has 
too much lag. It is therefore preferable 
to re])lace it by an auto -transformer 
wliitli enables the current of the motor in. 5^, 

to be increased at low voltage while 

reducing tlie amount of current taken from the line. Fig 54 shows 
an example of this kind of airangement which is in extensive use 
The diagram represents the simplest case, ie., that of a single-phase 
alternating current machine It is a transformer with a single wind- 
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ing having taps connected to contacts, over which moves the switch b. 
The two ends, /I, of the winding are connected to the source of 
current-supply, while the motor Ls connected to the end B and the 
switch h. 

The winding o])crales like a potcnliomcter l^y which any fraction 
whatever of voltage can be olHaincd at will. At the beginning, very 
low voltage is obtained by placing the switch handle to the right-hand 
side. The handle is then moved gradually toward the left in pio- 
])orlion as the s|}ee(l increases, and gradually raising the voltage applied 
to the motor, while reducing the cm rent consumed by it. The 
current h taken from the .supply-source is a fraction of the curient 
T2, consumed by the motor, wdiich is rcin’cscntcd by the inverse ratio 
of voltages 


The winding of the transformer is traversed by tlie current 7 i, 
between A and JP, and by the current betw^cen D and B 

In the case of polyphase appanatus it is sulTicient to install as many 
transformers with commutating switches as there are phases. All 
the levers of these switches are operated by one handle. An arrange- 
ment of tills kind was utilized with jjolyphasc curient in the pow'cu 
transmission installed for Messrs IMenier, at NoisicI in 1803 (Powey^ 
Tiansmmlon lo NoisicI^ Ln mitre KledriqnCy MaVy 20, 1894). 

Starting of Single-Phase Machines, These machines tan also be 
started by the first two methods, ie., I>y means of an auxiliary !).(' 
motor, 01 by a small induclion-molot which starts by means of an 
auxiliary ]>hase such as, for example, “shaded ]mlc .single-phase 
motors. It is desirable lo l>e able to inciease the speed of the machine 
gradually while keei)ing constant the speed of the small auxiliary motoi , 
because the latter would lie stalled if it w’cic made to slow'-up, 'Po 
overcome this dinkuUy the motor is mounted on guides, and it transmits 
power to the largci machine hy means of a fiiction-conc licaiing 
against a large disk mounted on the shaft of the machine itself. The 
motor i.s gradually shifted on the guides in such manner that the fiic- 
tion-coiie apj)roachcs the center ol the disk until the moment when 
syncluonism is attained. 

The staiting of the machine as an induction -motor is more clifikult, 
l)Ut it can be accomplished by transforming tcmpoiaiily the armature 
into a two-phase aunature, by means of a second winding suitably 
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provided for that jnirposc, and which can ])c of small wire, inasmuch 
as the time required for starting is so short. By sending into this aux- 
iliary winding a current which is more or less out of phase with respect 
to ill at in the principal winding, the armature produces a revolving 
field which is more or less imiierfccl and pulsating, but which is, never- 
theless, sufficient to start the motor. 

To produce the phase-difference l^etwcen the two currents, recourse 
may l)e had to some one of the methods known for producing induction- 
mo tors by means of a single alternating force. For example, use may 
be made of the Tesla method of introcluting a self-induction into one 
branch of the ciicuit, and a re.sistan(.e in tlie other, or use may be made 
of the Lclilanc method, which is moic jicifcd, and which consists in 
introducing a self-induction in one side and a capacity or a polarizer 
in the other. 

But in order to reduce to a minimum the current taken fiom the 
line, tiicre is again a great advantage in inserting a leducing trans- 
former, liuilt according to the princijile already exi)laiucd, and supply- 
ing current eilhci for one idiase or for both jihases of tlic motor. One 
arrangement consists in sufiplying only the ])iincij)ul binding l)y means 
of the reducing transformer and in connecting the secondary winding 
directly to the suite hboaid bus-bais. In such a case, the secondary 
winding is made with a very high number of tin ns so as to lunc a very 
high self-incluc lion and to a]>sorl) only a ueak ciinoiU having much 
lag with respect to the cut lent of the other uiiiding 

Tie anangemenl enijiloyed by Laboui (Fig ^2) is the \c\o\w 
of this. In llus case, it is the .su[)plemenlaiy winding of the aimatuu\ 
made of fine w’ire, w'hich is supplied l)y a lediuing tiansfijrmei, while 
the j)riniipal w’inding icneives cm lent diusL fioni the swiuhl>oaid 
Ihiougli a iheoslal. 'Fhe double-lhiow suite li T being moced to the 
liglit (stalling position) as show'n in the diagiani, the sii|iplenic‘ntai y 
winding will then l>e in circuit with tlie scuondaiy of tlie uskuing lians- 
foimei, and al the same time tlie rheostat is inseilcd in the jnincipal 
circuit, wliichis closed by the c iuuil-bieakei / 'The motor starts as 
an indue tion-molor. When the sj)ec‘(l appioaches s} lu hionisin, the 
switcli (’ is suddenly lluow'n to the left, liy this o[>eialit)n the 
cm rent in the sujiplcmentary winding is liroken, and the rhcsislal of 
the principal winding is short-circuited, at the same lime tliat tlie 
fields arc excited. The motor is then in step. 

In large motois the circuit-breaker/ is replaced by a starting rheostat, 
the objecA being to avoid lluctuatiuns in the lights supplied from tlie same 
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distributing system, Sometimes an electromagnetic circuit-breaker 
is interposed in the excitation-circuit, its function being to open the 
main-circuit whenever the excitation -current fails. 

The operation of starting and synchronizing requires about 30 
seconds, The maximum current taken from the mains during this 
period does not exceed the normal current by more than 20 per cent; 
and it falls down to or -J- the normal current when synchronism is 
attained. 


Besides these general methods, there is still another, which can be 
used only in the case of motors having laminated fidd-polcs. The 
method consists in sending alternating currents through the Held- 
coils and through the armature-coils, which are then provided with a 
commutator. The latter can be adapted cither to the principal wind- 
ing, or to a supplementary winding, which serves only for starting and 
for excitation, This arrangement has been used by the Fort Wayne 
Company in the United Stales [Churchward y Eclabage EkeUique^ 
Vol. XVII, p. 41]. At the lime of starting, the current is sent through 
the armature and field-circuits connected in series; the machine then 
operates like a series-motor having a commutator; the direction of 
the current changes, both in the armature and in the field, and con- 
sequently the torque is always in the same 

© direction and can thus cause the motor to 
start. 

Both the field and armature of the 
Foil Wayne motoi arc laminated; the 
field has two windings, one lieing a line 
wjic winding for synchronous operation, 
the other lacing a coaise wire winding 
which serves for stalling. The armature 
itself also has two ciuuits wound on a 
55- core composed of sheet-iion disks of the 

form indicated in Fig. 55. The prin- 
cipal winding, whicn serves for synchronous operation, is placed in the 
round holes, there being as many coils as there arc field-poles, and tlie 
winding is connected with two collector-rings. The othei winding, 
distributed in the slots, is similar to that of an oidinary D.C, drum 
binding with its commutator. 

The operation of starting is accomplished by means of a single 


lever controlling the switches. If it is first placed in tlie ])osition 
indicated in Fig, 56 the motor will be connected to the source of curient 
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like a series-motor, and it will start as such. When its speed attains 
synchronism, a centrifugal device closes the circuit with a third col- 
lector-ring on the right, causing an incandescent lamp to be lighted; 
the switch-lever is then moved, causing the normal connections to be 
made; the armature is then connected directly with the circuit; and 
the commutator circuit is connected with the fine wire excitation-cir- 
cuit. The inductance in circuit is adjusted in such a manner as to 
permit the maximum allowable current to pass through the circuit 
when starling. This maximum current 
is about two to two and a half times 
the full load -current. 

The clTicicncy of this type of motor 
is 70 per cent for a 2I H.P. motor, and 
80 to 85 per cent for motors of 10 to 15 
H.P. They stait readily under load, 
without excessive sparking at the brushes, 
the latter being of carbon and having a 
fixed position. The power-factor, which 
is very high when slai ting, docs not fall 
below 0.95 to 1 uncicr load. 

For small motois, of i to 5 H.P , the 
Gramme commulaior just mentioncrl 
can be rephued by a less comi>licalcd 
tommulator having only one segment Fa. 

per [)<)le of the moior. The small Ganz 

motors aie of this kind. Their fields aic exiitcd by commiUaled 
{ urrenls oi)tainc'(l from a Iraiisformcr connected in shunt to the line 
'Flic even segments are connected to one tciminal of the field-circuit, and 
the odd segments to the other. ''Jo start the motor, which can only he 
done w ilhout load, only one .set of brushes need lie used on the commuta- 
tor, the others i)eing put off, ^Phe (unent thus c hanges ( luce lion in llie 
field-coils and in the armature coils, as already mentioned; but tlieie is 
mucli spaiking at the Inushes during the whole time tliai the motor 
is starling, ^\'he^ the synchronous speed has l)ecn attained, wliidi 
requires at least a minute, the brushes previously iemo\ed are again 
])Ut on, by liaiid or else by a centrifugal regulator, or they may he put 
in circuit by means of a switch; sparking is then icduced to an allowable 
amount. Fig. 57 gives tlie diagram of the airangcment actually used 
(Blathy .system). The field and armature windings arc in paiallol 
The armatuic-currcni, coming from the tiansformer at 100 volts, 
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through the wires 7 , 77 , enters into the armature by the terminal Af 
leaves by the terminal B and passes through the secondary ■'winding 
iSi, ^2 of the transformer E, called compensator, which plays the role 
of aelf-inductance for throwing the armaturc-cuiTcnt out of phase. 



The field-circuits are wound for a low voltage (25 volts) supplied by 
the secondary Lircuit .S'], ^2 of another transformer 7 '\ 

At the time of starting, to overcome llie induction of the field- 
circuit, the po ten tial-di (Terence at its terminals is raked by the priniaiy 
winding of the compensating transfoimcr E, whose secondary has tlte 

armature-current passing through it, 
as already stated. The field-current 
also j) asses through a fixed resist- 
ance, a If, in the rheostat, 7 ^, the 
object of which is to t educe the lag 
in the field-circuit, and to ])iU it in 
phase with the ai mature-current. 

The motor stalls. When it at- 
tains synchronism, the cuiTcnl in the 
field is commutated; the connections 
arc then changed l)y means of the 
double-thiow switch 7 ), which slmrl- 
cireuits the sc( ondary of E, connects 
the two iieighhoi ing l)i uslies together 
and sends the secondary current of 
l‘io. 58. F into the variable lesistancc cd 

l)efore it reaches the field-coils. 

A motor of the same Idncl was put on the market some years 
ago by the firm of Biown-Bovcri (Fig. 58). The moUw starts by simj)ly 
coupling in parallel the armature and the field-circuit and a resistance 
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hich is in series with it. To bring the phases of the two currents 

ito proper relation, the Imishes are moved an angle equal to — 

2 

tiring the o] aeration of starting. When synchronism is attained, the 
rushes arc brought back to their place, and the excitation-circuit 
connected in shunt to one coil alone of the armature, so as to reduce 
1C voltage. 

Theory of Initial Synchronizing. Two cases must be considered, 
epending on whetiicr the field, when separately excited, maintains 
s normal value indci)endently of the speed, or whether the held is 
roduced by means of commutated currents. 

Separate Excitation. Let us again suppose the motor to be con- 
ected to a constant potential source E\ and let us retain the same 
^ml:)ols as l)cfore. Let us designate liy 7*2 the duration of the pciiod 
f tlic motor, which will differ from T\ the jicriocl of Ihe^sujDply-currcnt, 
.5 long as synthronism is not attained. For simj^licily, let us write 


27: 7TZ 


'Phe equation ot the airreiit plot ceding from the source of supply 
jwarcl the motoi is 

;.)/ I /> ^ - 7] sin loI - Ei sin (io4~~0), 

‘ a I to 1 


dierc Ah cfiuals the K.M.F, indiucd at the speed of synthionism. 
nil 0 repiescnls, as before, the lag in phase of the motoi. I'tom this, 
cgleciing the exponenlialh which occur in the integral, but which 
Iways neutralise each other (]UKk[y, and taking 


(an (/)-- 


iO\l 


, to >1 

lari 


have 




Ai s»n {o)i\ — </>) 0)2 {o)*/ — ijt) 


V / " cu I ^ i -j' w j“/" 

The power su|)plicd to the motor at each instant is 
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Integrating between /q and /, the work done is 


W-'Osin Imi-o-m- 

While the second lerm increases indefinitely, the first is doubly 
periodical and has the form 

wia; sin o)2xdx. 


It is known that an integral of this form, taken within limits which 
comprise a whole number of periods of oJxX and of is equal to 
zero, so long as is different from 0J2* If and 0)2 are very dif- 
ferent from each other, their zeros are very near each other and the 
amplitude is very small. On the contrary when 013 is very near aj| 
the periodicity of the integral increases in length to the point of becoming 
infinite. 

Two cases are therefore to be considered: 

i) So long as the speed of rotation is low, the first lerm is negligible 
in comparison with the second, provided that the inertia in the motor 
is sufficient and that only negative work is done. We then have 


2 Vo/i ■'7 


COb (j) 


It is therefore necessary to apply mechanical power to turn llic 
alternator and with i23=thc speed corresponding to the period and 

fii-the speed couesponding to the condition^fi2=f2i the moUu 
torque will have the following cxpicssion. 


“ 2^1 7 r-^0J2V'^Q2 


2 ^ 0^2 ^ 2 ^ ^ 

2 on 12 1 r^-\-(o^P 
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Takinc .v~~ we will have 

Wi 




The curves in Fig. 59 

/?n2 . 

constant Js taken as 
to 5 and 10, 


represent C„ a« a luncUon of x, when the 
unity, and when tancjJ is given values equal 



U is seen that the tor.iuc C,„ increases rapidly, at fust, with the 
speed, and then decreases tnoic slowly with a inaMinum 




tan 0’ 




2/ii r 2 tan 0 


To bring hack the moKw to a s(.ee.l near that of 

u Jo* l« , ««.. » 

which corrcsfMmd.s to or 




R. 


2Q\f J *- uin“ 


i e ,1.0 so.™ » 1.0 rcquircl ,a make , 1,0 aUcm.,0, ro,a,o .vi.en 

n"r':;?L. ... ,i.. .cn :< .... 

periods. 
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Then, taking fis the origin,. (/o=o), we will have 

J i02 sm {w2t—0) sin (wi/— 

0 

cos [{iOi—Uf2)i-\-0 — (j)] U 

^ — r cos [ ((cl 1 4* wa)/ + f/j) d t 

2 Jo 

*sin [{io\-W2y—{^j>-0)] 
-sin [(iOi-\-W2)i—{(l>-^0)\ 

Noting that 


I 0)2 
4 10 \ ’^ 0}2 
I (02 
4 iCtiiTfti2 


(02 


(01^)2 

the total ^nlue for the torque, at each instant, would llicrcforc be 

E,Ji2 


C=- 


Q [\^r-\'co\V^ 


•sin l((t)\— 0)2)1 


4 (aii-b(c^^) 


4 ((Ji— wg) 

si n [{((j -i- opy)^ ~ 0 /^ 4 0) ] 


(U 1 


When (tJi is very near nj^ the amplitude of the* lirsl term l)e<*<)mes 
very high, and tills is the case so long as is not exactly ecpial to (02. 
At that moment, there is a distontinuity ; and the leim in (luestion 
vanishes. 

Under these conditions, the inciLia is low compaicd willi the enormous 
Un que which is developed, and the motion of llie alternulor can undergo 
[JuLsating variations of speed whicli arc consklerable. 'Plie hypothesis 
which forms the basis of our reasoning concerning Llic nature of the 
motion is no longer full] lied and the cejua lions no longei liave any value. 

Only one conclusion, therefore, can he drawn, i.c., it is necessaiy 
to biing the motor, by some process, to a speed al least r(ju(il io (hat 
of syfichro)iisin, before connecting it with the source of currenl-supply. 

A seccnid method of starting a motor without load, and which can 
be used wiUi success evciy lime there is only one power-transmission, 
consists in starling simultancoiLsly the generator and the motor. A 
very weak impulse then suflices to make wi — fua, al the moment of 
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starling. The two machines therefore fall readily into step, and if 
llie resisting coujde due to passive mechanical resistances (air-friction, 
Ijcaring-friction, hysteresis, etc.) is not loo high, the generator drags 
the motor, in its progiessivc acceleration, the two always remaining 
in synchronism. 

Field Due to a Commutated Current. In this case, the effect 
produced is altogether different. Two periods must again be dis- 
tinguished, i.e., whether (02 is very diffeient from ajji, or whether, on the 
contrary, it is of the same order of magnitude. 

In the first case, i.e. at the beginning of the operation of starting, the 
current is rcvcised a great number of times, both in the armature and 
in the fields, while the armature is moving an angular distance corre- 
sponding to a j)eriod 7 2 . The motor behaves like a commutator- 
motor, and produces a torque which is always in the same direction 
and which gradually increases the speed. 

In the neighborhood of the normal speed, the effect of the commutator 
on the excitation becomes apparent. The alternations of flux are 
commutated in a dissymmetrical manner, with the consequence 
tliat a very ]X)werful field with s/o7c> OM:/7/a//on^ is pioduced, on wliich 
pulsatory undulations that are more feeble are superposed. This 
effect may be expressed by the formula, 


0sss(/j^^ cos 


in which /o has a value which is vaiiable as a function of the time 
As soon as the tuo periods y\ and Vo are near each other, ihe small 
undulations disap|)car befoje the laige undulation, naineh, ihe undu- 
lation of /q. The fie(juen(\, of this gicat oscillation is c\idenlly 


eciual to (he least (ommon nnilliiilc" of 

/ 1 


1 


The peiiod, 7'', 


theiefoie, lengthens indefinitcl) , lien y’o a])j>Toaches 7Vat the same 
time that the \alue of the held thus jnoduted increase's. 

Under tliese conditions, the power finnished by llie motor vaiies 
arc 01 cling to a complicated function ^I’hc oscillations of the field 
can be taken into account on replacing by o// and substituting the 
value 


/i 


2 = 


(it 


~ t>iii (ai7— Q, 
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in the expression e2i. But the equations arc then no longer rigorous and 
can only be used to predict the occurrence, in the neighborhood of syn- 
chronous speed, of heavy fluctuations resulting in alternate accelera- 
tions and retardations which arc very marked and for which the inertia 
of the system cannot compensate. As soon as one of these accelera- 
tions becomes strong enough, it will, at one bound, l)ring the speed to 
its normal value, leaving the motor synchronized. 

The starling of motors of the Ganz tyjjc may thus be explained 
approximately, without our being able to take exactly into account 
the effects of inertia. It is known, moreover, that synchronous motors 
do not always run at synchronous speed, l)ut at a speed near it, which 
is periodically variable, owing to the production of the alternating 
field already mentioned. It is an extreme case of oscillations of load, 
which we now proceed to discuss. 

Oscillations of Synchronous Motors. It is easily observable, hy 
means of a dead-beat ampere-meter connected in the armature-circuit, 
that the operation of a synchronous motor is always accompanied by 
fluctuations above and below the normal curicnt, which are due to 
oscillations above and below the synchronous speed. With a good 
motor, operating in a satisfactory manner, these oscillations are rapid 
and slight, except when the load undergoes sudden variations. But, 
with certain motors, these oscillations attain a considciablc amplitude 
and they are complicated by slow variations of very high amplitude, 
giving rise to exaggerated current-values like tliose due to a short- 
circuit, which usually end by the motor falling out of step; it may even 
be that synchronous operation is allege liter impossiltic. 

There are here two distinct phenomena, whkh will Ite examined 
separately, i.e., short-period oscillations of the motor itself and long- 
period jjarasitc oscillations due generally to foreign causes. 

Short-Period Oscillations. Any variation of tlie speed of the gen- 
erator or any sudden variation of the resisting effort at the motor-shaft 
gives rise to an oscillating condition of motor-speed. If the generator, 
for examjtlc, has taken tlic lead, tlie driving torque l)ccomcs stronger 
than the resisting torque, and it causes the armature to accelerate 
gradually, but, owing to inertia, the acceleration lasts longer than 
would be necessary to attain tlic corresponding phase at the condition 
of equilibrium, and the motor, in its turn, takes the lead in phase. 
From that moment, as its driving torque diminishes, the excess of the 
resisting torque tends to produce a retardation; the motor slackens 
in speed, and its phase is soon behind what it should be; and so on. 
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Consequently, oscillations of speed occur around the normal speed 
value, the elTecls being altogether analogous to the oscillations occur- 
ring in the speed of steam engines which are provided with imperfect 
governors, 

The characteristic feature of the short-period oscillations of the 
motor-speed is that this oscillatory movement occurs without loss of 
synchronism, in other words, each acceleration in one direction or the 
other is stopped hy an opposing torque which limits the amplitude, 
as is the case with the oscillations of a pendulum. 

This torque is easily determined by the variation of power of the 
two machines (A, Blondel, Coupling of AUenmiorsy^ La Lnmitre 
EleinquCy Vol, XLV, p. 352)- Let us first suppose these two machines 
to be similar; let Pi and P2 represent, respectively, the generator- 
power and the motor-power. The variation in the electric power 
received by the motor and transmitted by the generator, per unit of 
angle a of angular variation, taking 2P to equal the number of poles, 
is, according to the formute on page 38, as follows : 

\ (fcK (la ) ) 

( 1 ). 


In tiiis cxpres.sion Z ccjuals the total inipedame, and y is, as before, 
tile angle of lag iictween the turrent and the resultant K.M.F , the 
relations iieing suth that 


10 L 

tan . 


The correcting lorciue is obtained hy dividing this powci by ilic mean 
anguhu velocity 

0 ) 

y 


2pi7i2 ‘>hi Y cos 0 
oj ^ Z 


Fiom this wc have 
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If we let K equal the inertia of the motor, the ))eriocl of oscillation 
produced by this torque may be deduced by the known formula, 


2-G2 . 

whence, on substituting, and noting that —— is nothing more than the 


short-circuit current, of one of the machines — the motor — closed on 
itself, there remains 

!> sin z' cos ’ 


or, if we suppose 0 to be small enough so that cos 0 may be taken as 
equal to unity, we will have 


(9= 

sin y 


In the case where the machines are not similar and arc running 
at different speeds a\ and eva, it can l>o shown, in the same way {A. 
Blondel, loc. cit., p, 357), that the equation of oscillatory movcmenl 
is 


© 





In the case of small oscillations, if we replace the numerators Ijy their 
values, we have 


(W 

(W 


^~sin (r+0), 

(f-0), 


and assuming cos 0=^1^ and sin 0 negligible in compaiison with cos 0 ^ 
wc have 


whence 
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In the particular case where the motor is supplied fiom a circuit of 
gicat outpu Incapacity the term ^ can be considered as very small in com- 

Ai 

6^2 

parison with ~ and, conscquentlv, the expression for the period of 

the oscillations, as a function of the constants of the machine and of 
the inertia of the armature and of tlie parts mounted on the shaft, is 
materially increased. 

This formula shows that the oscillations are all the more rapid 
and of lower amplitude the lower the self-induction and the mechanical 
inertia* 

Consequently, from this point of view, it would he more profitable 
to select motors with a low armature-reactance, a conclusion which we 
had already reached by another process. The oscillations not only 
have the effect of causing the motor to fall out of step, and of thus 
limiting its maximum output, but also of producing oscillations of 
K.M.F. and cunent, including change of phase (lag). These elTects 
can manifest themselves in a very objectionable mannet, on the circuit 
and on the generator, by producing fliu Illations of voltage which are 
often important, especially when the reactance of the circuit is large 
and the circuit is thereby made very sensitive to variations in wattless 
current. 


A synchionous motor which is oscillating can therefore cause trouble 
to its neighbors on the circuit, ami it may even render lighting fioni 
that (iicuit imp()ssii>le. For this reason, gioat laie should be taken 
lo ungulate perfectly the speed and j>hase of the moloi by means of a 
pbase-imlii ator, bcfoie connecting it to the supply-c iu nil. 

Fvery .sudden change in lotid gives li'sc to a shong oscillation in 
the phase-angle, (uusing /w to go beyoml the positiun of cMjuilibnum 
I orresponding to the new value of the powei If this os( illation comes 
fiom a reduction in load, it can cause no imonveniem e, if, on the 
lontuiry, it is caused by an excess of load, the jjhase-variaUon mav^, 
in the first impulse, exceed the angle of ‘stability, and the machine will 
fall out of synchroniMii. 

Calculation shows (/I. Blomkh loc. cit., Lumihe I'llatrique^ 
Vol. XLV, p. 2 .f) that the relative im lease of load J which can be 
made suddenly, staiUng from an initial power docs not depend 

on inertia, but only on the lu’o ratios 




and 




cos f/> 


a; 
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and the curves in Fig. 6o enable its value in each particular case to 
be calculated as a function of the data. These curves show that ^ 
varies in the inverse ratio of y and in direct ratio of ,v, so long as z is 
lower than a value near The conditions that insure the best stability 
in the case of sudden overloads are, therefore, suiistantially the same 
as those which insure the maximum theoretical output. In particular, 
in the case where we should have cos (jy—i, whence 

The experiments made on a Ganz motor {Experlmenis made by 
the Frankfurt technical commissioHy Upperhorny LumVoc FJecitiqiie, 
Vol. XXXVI, p. 315), showed that, starting from no-load, a sudden 

load equal to 150 per cent of the nominal 
load may be put on the motor. This loud 
could be much exceeded for allcinators 
of lower inductance, especially if they are 
provided with dampers on the pole- 
pieces 

Damping of Oscillations. The surest 
way to prevent oscillations of both 
kinds from attaining an excessive ampli- 
tude consists in damping them rapidly 
It is an application of the gcncial 
principle laid down in a masterly man- 
ner by Cornu (“ 0;z the syniJnoniza^ 
(ion of oscillallng syi^iemsf' Journal 
(le ritysiquc cl Comptes Rendu de 
rAcademie des Sclcmcs, 31 Mai, 1887; 
Bulletin dc la Sodele des J\lr( Indents), 
who showed that perfect synchronization can be obtained only when 
there is damping, i.c,, when Lhc speecl-varialions cause a su])plemeiUary 
expenditure of energy. This sup|)lcmcntary expenditure of energy 
can only occur to a slight extent in the aimaluie-uicuit, hut it is pos- 
sible to bring it about in the ficld-ciicuits by allowing eddy ( ur- 
rents to be produced in the massive ]jole-picccs or, better still, in special 
circuits wound on the fields, and shorl-ciuuited 'riicse ciuuits 
constitute the damper of Hutin and Lcl)lan( . (C. F. CuUhert^ Lumiere 

Elcctrique^ Vol. XLVI, 1892, p. 8ot; and Leblanc^ BulL de la .SV, 
Jnt. dcs Elccincienst 1898). This dainpci consists cilhct of l)ars 
of copper surrounding the polc-picces, as shown in Fig. 61, or, Ijclter 
still, of a series of bars passing througli the fields and united on each 
side by copper rings, as shown in Fig. 62, 
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The explanation of the role of these dampers is made easy by 
reference to the elementary considerations set forth on page ii. When 
there are no speed-oscillations, the tarmature-reaclion flux undergoes 
no displacement with respect to the held -poles, and, consequently, it 
docs not generate any induced E.M.F. in the damping circuits, On 



Fig. 6i, 


the contrary, any variation of speed producing a flux-oscillation 
gives rise to eddy currents, which arc all the stronger the greater the 
conductivity of the damping cirriiits and the greater the extent to which 
they increase the flux deveioped by the armature The energy con- 
sumed by the incliaeci cui rents is \^hat produces the damping. It 



manifests itself by the production of a concclive torque exerted on the 
armature and which tends to Ining the speed to synchronism. 

The same ex [)la nation applies in the case of a single-phase motor, 
widi this difTcicncc, that the inverse revolving flux due to the armature 
should, in consequence of its high velocity relatively to the damping 
circuit, pioduce strong induced currents which almost completely 
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neutralize this armature-flux. The result is that the armature-reaction, 
or the apparent induciance in the armature, is reduced about one-half 
and, at the same time, the noise of single-jdiasc alternators disappears. 
The loss of eneigy is much lower than might be supposed, Ijccause 
it eliminates, incidentally, the hysteresis-clTect in the fields. In any 
case, the damping elTect can be regulated easily to an amount that is 
deemed suflicient, as can he seen in the following manner: 

Suppose the motor departs from .synchionism; the period of 
its induced E.M.F. is no longer the value 7\ but a slightly different 
value, T'. The coefficient of mutual induction between the armature- 
circuit and the damping-circuit, being a periodic function of the angle 
described by the moving part, can be written in the following form: 

d/-iUoHin 

in which y* is the phase-angle measured from the origin of lime. 

The current can be lepresentcd by the following expicssion: 

sin 27:~\-I(/ sin 

The Ilux sent into the (laniping“<.ir( uit by the induced curient, at 
each instant will be 


0^ MI— ^:n 2;r“sin 


I- /!/(,/() '.in ,^7/ .9^ Mil 


01 , substantially, if we confine oui selves to the first term, 



The corresjamding K.M.F. will be 

+f).i/o/o Mil +f;)'-r] 


( 2 ) 
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Consequently, if p equals the resistance, and X the inductance of 
the clamping circuit, the induced current i is due to the superposition 
of two currents of two di/Terent frequencies: 






j y^/’o/osin j 

27r 

H-f 

rj f — 


M 


The energy consumed is represented !)y the integral 

]V-^ ^'ehU, 

which {ontains products of terms having clitTerent frequencies. If the 
integration is supposed to extend ovei a sufluicntly long i)eiio(l, these 
terms can l>e ncglec led in comparison with the others, which alone 
inc lease indennilely. In that case, the value of the mean jjowei 
expended per seiond can l)e wiitten as follows* 



The first teim is substanlially constant, sime 7'' icmains noai T 
On the (ontiaiy, the second U'rm, uhich vanishes when 1\ iiu leases 
ra})idly with the diffeience of freciuencies. It lepiescnls the coi relative 
inc lease of eneigy consumed, which iiroduces the damping. 

Supposing the dilTercnco indue lance 

may lie neglected, in comparison \\ith the resistance, in the second 
term. In the first term, on the contrary, tlic inductance is always very 
large, in compari.son with the resistance, and, conseciueutly, the latter 
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may be neglected. The expression for P is therefore practically 
equal to the following: 





. . . ( 3 ) 


Consequently, hy making p very low, as was done hy Hutin and 
Leblanc, the permanent expenditure of energy due to the current of 

frequency ^4-^ can be reduced, at the same lime that the damping 

effect due to the current of frequency — is amplified. 

When the pole-pieces are solid, they already, by themselves, play 
the role of a damping circuit, and, their resistance p lacing very small, 
it can be readily understood that the effect thus ol)tamecl would l>e 
already quite appreciable. 

At synchronism, we have and the preceding expressions 

(i) and (2) (p. 128) reduce to the form 



The armature-reaction then produces two fluxes in the ficId-coils, 
one being constant, which re]ncscnts the mean reaction, and the other 
having a frequency which is doul)le that of tlie alternaiois. 

Long-Period Oscillations. Long-|}criod oscillatioiis, chaiacteri/ed 
by periodical variations of current which can be observed on an ampeuv- 
meter, may occur in consequence of causes which aie aj)arl from ihv 
peculiarities of the moiois themselves. For example, a motor whitli 
drives a machine-tool subjected to a varialde load, or a motor connec ted 
to a generator whose speed varies periodically (for exani))lo, a gcneiator 
driven by a steam engine having a single cylinder), will itself undergo 
the same corresponding oscillations of currents, which arc much slower 
than the preceding. These slow oscillations have, moreover, the 
incidental effect of keeping up the real oscillations, and thus they are 
often the cause of the machines falling out of .sync’hionism. 

Other causes more complex, and which arc still less well understood, 
can bung about the systematic and periodic production of this phenom- 
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enon of successive falling out of and falling into synchronism. For 
instance, Hutin and Leblanc (M, Leblanc^ Lumibre Electriqtiey Vol, 
XXXIII, p, 227, and F. Geraldy, ibid,, Vol. XLVI, p. 652) showed 
by an experiment that some Ganz motors of the kind excited by 
commiUaled currents did not always attain synchronism, but, in cer- 
tain cases (especially when running without load), assume an oscillatory 
movement Iiaving long periods. These periods can, in such a case, 
be attributed to slow alternations of the excitation produced by the 
current-commutator. This is an additional reason for abandoning 
clefmilcly this kind of excitation. Certain motors also appear subject 
to slow oscillations, in consequence of the discontinuity of the V- curve 
produced by the presence of important upper harmonics in their E.M.F, 
curve, as already noted above (page 103). 
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TESTS OF SYNCHRONOUS MOTORS 

Characteristic Curves. It may Idg slated, in general, that the char- 
acteristic curves of synchronous motors are the same as those of alter- 
nators, i.c,, the variation of the inducing flux is rc])rescntcd as a func- 



Fuj. — CinreiU (onsumud by a fl P, synchronous jnoloi, luu al Knistaru 

potential with variable lie Id-excitation. The oi<l males lejiresenl uinialUK* 
lurietu (amperes) per phase. 

tion of the exciting ampere-turns by an “ excitation-curve,^’ and the 
armature-reaction is represented by a shoil-ciicuit-curve obtained 
according to the method of Bchn-Kschen]')iirg, by mcasiuing the ami)cr- 
turns necessary to produce increasing currents, when the machine is 
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short-circuited on itself and is run at a speed near its normal speed. 
The short-circuit current will be all the smaller, for a given excitation, 
the greater the armature-reaction. Since a good stability of operation 
is only obtained, as already seen, with low armature-reaction, it follows 
that a good synchronous motor will be characterized l)y a .short-cir- 
cuit curve whicli is rapidly ascending such as that shown in h'ig, 6^ 
which refers to a synchronous motor with revolving iron of Oerlikon 
type, described by Kolbcn {ElcklrolechnhcUe Zciischn/ty 19 Dec, 



Fir, () I — Powoi iiipiil fni H V syiu lironous moloi, mu \miIi vatiiUile tu I<1- 

<‘\< lUiLion 

i8()5). a inoloi' is gt>ocl, at 101 ding lo tins aulhoi, when a shoit-cii- 
c 111 l-cui rent etjual lo the noimal o|KTaling lUnent is obhiincd by an 
cxiitation giving not inoic than oiie-tliiid the lunnial voltage, for 
the induced K.M.F Finally, from what |>ic(cdes, thoie exists, for 
synchronous motors, a thiid kind of im|K>ilant t haiacteristic cuive, 
the V-cuives, of which the theory has alieady bccMi given. These 
curves are drawn for vaiiable loads a])plied by a Pnmy-))iake, by measur- 
ing, for each value of the excitation, the t uneiU-values given by an 
ampere -meter, and the electric -power values given by a wail -meter. 
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Figs. 64 and 65 give, for example, these curves obtained hy Koli}cn 
for an Oerlikon three-phase synchronous motor of 15 H.P. These 

curves show that the minimum cunent 
in the ar matin c is obtained with about 
the same excitation at all loads, and 
that the efhciency is almost constant 
within wide limits. For example, the 
power consumed at full load, to i)ro- 
ducc 14 k.w., scarcely vaiics between 
land 5 ampcies of excitation. These 
favorable conditions cliaraclcrizc a 
motor having low armature-reaction, 
Motors having high armaturc-rcaclion 
give rise to eddy currents in the 
pole-pieces, which involve a consider- 
able increase in the power a))sorbcd, 
when the current incieascs in the 
armature. This peculiarity may be made evident by means of 
a fourth characteristic curve known as the cliaractcristic curve of 
loss by parasite-effect.’^ This 



0 12 3 4 5 

Amperes 

Fig 65.' — Power-curves for three- 
phase 30 II P. synchronous 
motor, run with variable fichl- 
CNcitation. 


curve is obtained by taking as 
ordinates the power absorbed 
when running short-circuited, 
tlie excitation-currents being 
taken as abscissae. Figs, 66 and 
67 show, quite clearly, the dincr- 
ence, in this rcsj)ccU between a 
motor having a high ai mature- 
reaction and a motor having a 
low armaturc-rcaclion. In the 
latter the eddy cuirenUs, 
which assume great importance, 
impart a patabolic foim to this 
characteristic curve. 

Measurement of Efficiency, 

The most natural method for ilic 
measurement of cfliciency is 
the Prony-brake-dynamometcr 
method, used in the same way as for a D.C, motoi. The resisting 
torque produced by the brake is measured, and, at the same lime, the 



I'k; 66 — Curves hu 10 II P. synt luomuis 
motor having high arm.uurv’j va< lU)n. 

J ~< haraacMSlic curve williout bad, 

/:J = shojl-« iKuit cunent; 

C= power absorbed when short-circuited. 
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electric power applied at the terminals of the motor is measured by a 
watt-meter. This method has the objection of requiiing the expendi- 
ture of loo much energy in the case of large motors. 

The author’s method, described further on, for the study of con- 
ditions of operation, then finds its application. In such cases, the 
generator and motor are mounted and coupled together in such manner 
that the generator is driven by its pulley, and also lends to be driven 
by the motor which is connected to the other end of the shaft and 
which lakes the lead and drags the dynamometer. The latter 



rfcla -Excfraf'fon ^ Amperas 

a;. --(’\n \(.-s of i:; If W synchronous motor. Normal volla^^e 210 volts. 

I -I hiuac tcnslK cuivy without load 
— shoii-< iM uit (unent. 

then measures diiectly the woik done by the motor, and all 111 at is 
neccssaiy is to measuus l>y means of a \\«itt-metei, the electric jiower 
su|)plic<l to the motor by the geneialoi If we let C ecjual tlie lesisting 
tor(|ue, ft the number of turns pet second, and w tlie electric power 
measured by the watt-meter, the efficiency, tj, will be exjiressed by 
the following ecjuation. 

27: ftC 


The segregation of the dilTerent losses, in a synchionous motor, is 
a much more complex problem than in the case of direct cuiicni machines 
because the {larasite elTccts (liysteresis and eddy cui rents) in the 
fickl-pole pieces depend not only on the induced curient and on the 
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excitation -current, if the arinaturc-core is slotted, but they also depend 
on the phase-angle of the induced current, especially in the case of 
single-phase motors. It can be readily understood that, in the case 
of single-phase motors, the variation in the rcaclion-flux in fiont of tlie 
pole is all the greater the more ra])idly the annalurc-iurrcnt varies in 
the position of maximum mutual induction. For the same current in 
the armatuic, the losses will, tliercforc, be greater the smaller the i)hase- 
angle (lag) of the current. 

By the aid of these assumptions, the losses can always be approx- 
imately separated, when the conditions of operation arc precise, such 
as when the current-supply has a constant voltage and the excitation- 
current is constant. In such cases, the losses by friction arc measured 



iO ZO 50 50 60 70 flO 

3 a/ra /fof'se 


Fto. oh. 

by running the machine without cxntation, by means of a small D.C’ 
motoi whose cflKiency curve has been obtained. On exdting the 
machine, the lo.ss becomes incieased by an amount ecjual to the hys- 
teresis and eddy currents, in the armature and the fields, (Uher than 
those due to armature-rcLU lion. T]\vy may be (lislingiiished, as usual, 
by running at various speeds. I'he motor is then run witli a load 
ap|)lied at the brake. T)ie diflerence between the hisses noted and 
those previously measured consists of two jiorlions: the loss due to 
resistance-heating in the aunaturc, whicli can be easily calculated 
from the resistance and the current, which aic known; and the increase 
of loss due to armaturc-ieaction, which is obtained, more or less 
approximately, by taking the dilTercnce. 
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Fig, 68 gives an idea of the manner in which the power '-factor 
and the efficiency vary as a function of the load in a synchronous 
motor. 

Experimental Tests. It is interesting to compare the results 
of experiments with those of calculation. The methods which can be 
used for that purpose will now be indicated. 

It should be understood that a satisfactory agreement between 
theory and practice can only be hoped for when working with machines 
having K.M.F.’s of the same wave-form* and as nearly as possible 
sinusoidal. Owing to the want of this precaution* certain authors 
{BvdcU and Ryan^ loc. cit.) have found discontinuities in o])cration 
which are inexplicable by the ordinary theory 



The fat tors (o be mcasuied expenmcniall) aie the K.M J'' ’s induted 
in the generator and the moloi, the tunenl in ampele^, and the pluise- 
angle.s i)elwccn the.se \aii()Us (juanlilies, ami also the ele<tii(a( and 
incthanital poweis applied or developed I he invesligiilion tan be 
more oi less complete atttn'ding to the appaiatus a\ailal>le. 

The author publishetl, in xSo,:; (“7//etJ/y of ilir Couphti^ oj MU'r 
nalors,'' HulUtin dr la Soddr drs IdtunuKUs, icSg^, p o), a method, 
based on lluit of Ilopkinson for I) (\ (Ivnamt)^, whit li lias the acKantage 
of rcquiiing only a small amount of methaniial power (Fig. dp) 

The two maihincs, geneuiU>i Aj uiitl moloi .Ij, .ire plated end to 
end, and the two shaits are joined Uigether by a llange-i oupling oi a 
torsion dynamometer (of t}])C suth as used l)y Mast art, Raieau, 
Bedell, cti.) so aiianged that they tun be set in \aiioUb positions foj 
changing the angle of jihasc of the two shafts with lespett to eath 
other. This phase-angle is known, at rest, and all that is necessaiy is 
to add to it the angle of torsion of the dynamometer to have the phase- 
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angle when running. One of the alternators is driven by a belt run 
over its driving pulley, and it drives the other, mechanically through 
the dynamometer, as well as electrically through the circuit. The 
alternator which is belt-driven acts as a motor, the other acting as a 
generator; the torsion-dynamometer connected between the tsvo 
machines measures the excess of power consumed hy the generator 
over an(J above the energy recovered. The power applied at the 
pulley represents the total losses of the two machine.s operating as a 
power-transmission system. From these dala the eHicienev of trans- 
mission may be deduced. 

Suppose that, for each phase -angle, the cxcilalion-currcnt and the 
line-current are read, by means of an clectrodynainomcter 7 ?, also 
that the voltage at the terminals is read, t>y means of a volL-mctcr, 
and that the electric power is read by means of a watt-meter inserted 
in the ciiciiit, with its shunt-coil connected to the terminals. 

By comparing this ^^actuaP’ power with the ^‘apparent” ])ower, 
the phase-angle between the intcinal E.M F ’s Ei and 7^2, obtained 
substantially. The maguiiudcs of these F.M.F.^s aic known fioin the 
excitation -curves, which arc drawn once for all This metliod is 
particularly simple when no transmission-dynamometer is used, when 
the loads arc perfectly steady; but I he loads arc not then olHained in 
terms of the mechanical power of the motor. 

When it is impossible to roujde the fwo machines rigidly, or when 
they do not have the same mimi)er of ])oles, it is not so easy to delormine 
the phase-dilTerence or tag Ijelwcentlie two motors, and it is then neces- 
sary to proceed in one of the two following ways: 

(1) It is possible to mount on the shaft of the machines some small 
alternators seiving as “tell-tales.” They arc ananged in such man- 
ner that their K.M.P'.’s synchronize in ))hase with the K M.F.’s induced 
whon running without load. A triple oscillogiaph icroid will then 
give, directly, for each load, the phase-angles between these lO.lVr.F.’s 
and the current. 

(2) When the machines have not tlic same numhei of jioles the 
phase-angles between the induced l^.M.F.’scan be measuied mechan- 
ically by means of the ingenious jihase-indicalor of Bedell and Ivrolcr. 
The two machines aie placed end to end, with tlioii shafts almost 
touching. The ]jhasc-indicator consists of two metallic* disks 23 
centimeters in diameter and 8 mlllimcteis thick, each fastened to one 
end of the shaft and provided with curved slits synimetiically disposed 
in the form of an Aichimcdcan spiial, (Fig 70,) The disks are 
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arranged in such a way that their spirals are pointed in opposite direc- 
tions, Owing to the form of these curves, the distance from their 
points of intersection to the center is proportional to the phase-angle 
between the two disks, or the lag of one with respect to the other. 
The point of intersection of two slits forms a small opening traversed 
by rays of light which, in turning, make a circle that expands or 
contracts in proportion to the phase-angle. The radius of the circle 
can be measured on a fixed scale which is graduated directly in 
angles, 



Fig, 70. 


Bedell and Ryan have used this method to determine the phase - 
angle between K.M.I' ’s, by biinging this ])hase-.ingle to when the 
poles are in hne 'Idle cm rents arc measured h) means of an elee I to- 
dy namometei d'he K.M.F.’s arc detliKcd horn the excitation- 
curves. Their vectois aie then dtawn with an angle beUeen them 
equal to the measured phase-angle, and, fiom these, llie resultant 
vector is obtained, in magnitude and in phase, by completing the 
parallelogram. The cm lent is known, in magnitude. Its phase, 
with rcs]ject to the lesullant E M F , is deduced fiom the reactance, 
which is known by means of the exj)rcssion 

reactance 

tan r— — ; , 

' resistance 
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or it can be deduced from an oscillograph diagram. We then have all 
that is necessary to draw the diagram. The results arc suflicicnlly 
concordant with the theory, but they indicate no new phenomenon, 
except the discontinuity already mentioned. For more complete 
details see the author’s original paper. 

Advantages and Disadvantages of Synchronous Motors. The 
characteristic features of synchronous motors, constituting their advan- 
tages and disadvantages, may be summarized as follows: 

(1) Their construction is as simple as that of alicinators, and it 
enables them to be connected directly to high voltage circuits, 

(2) Their specific output and tlicii cfiicicnty arc also the same, 
and are quite satisfactoiy. 

(3) When once put in operation they have pcifectly uniform speed. 

(4) Their powcrTaclor is as good as may be desired when tlicir 
E.M.F, is properly selcclecl. By using them, all reactive currents can 
l)e eliminated, and currents can even be made to lead in phase, Ijy 
suitable regulation of the excitation. 

(5) Tl is difficult to start these motors, especially .singleq^hase 
motors; special methods and api>aiatus must be em])l()yccl and also 
an idlerq)ulley or clutch. Even when stalling without loud, wliich 
is the only ])ractical way, a very high cuirent is lequired. 

(6) Sjieed-reguhition is impossible, 

(7) A vciy sudden oveiload causes the motor to fall out of ]>ha.se 
and biiiig.s about a shoU-i’iicuiL. 

(8) Any irregulaiity of o]jetation of the geneiulor luuses great 
oscillations of speed (“pumping”) which make the voltage of the 
system Ilucliiate If the excitation is not well regulated, the moloi 
produces a more or less im])ortant leuclive curreiii, which may biing 
about a drop of voltage in the system. 

(0) If the K M 1 ’ c'urve of the motor is dilTerenl from that of the 
supply-system, Iku monies will be prodiuecl, w'hiili will uselessly increase 
the Ime-cinrcnl and com ])i omi.se the stability of operation. Stability 
of operation can only lie attained by the addition of inductance to the 
ciicuit, and it icinains w^eak, at best. 

(10) A syncbronou.s motor reacts more or less on the rest of the 
system, to which it can (ommunicalc its oscillations, or of w^hich it 
can disloit the E.M F. curve, The constuiction of synchronous 
motois should therefore be carefully studied, not only wdth reference 
to thcii operation by themselves, alone, but w’ith reference to their 
effect on the distributing system from which they arc to be supplied. 
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OTHER MOTORS OPERATING SYNCHRONOUSLY WITHOUT DIRECT 
CURRENT EXCITATION 

It is possible to devise other motors which, once brought to a suitable 
speed, can continue to operate synchronously, without excitation 
by a direct current or by a commutated pulsating current. These 
motors, not being used industrially, constitute, properly speaking, 
theoretical curiosities, but it is' interesting, in oidci to give a general 
idea of the whole subject, to indicate their principles. 

Mention can be made of two types of such motors; synchronous 
motors without any excitation, known as “reaction-motors,” and 
synchronous motors with allernating-current excitation, or alternaling- 
field motors. 

Reaction Synchronous Motors, It is natuial to supjjosc that tlie 
constant armature-reaction-field of polyphase motois can Ijc used 
as an inducing field. It is sufificient, for this pm pose, lliat the armatme 
should have a large number of windings to produce a large numboi 
of ampere-turns, and that the current j>assing tiuough it should be 
much out of phase, in ordci that the magnetizing turns may toincide 
\\ith those of the field-poles. Moieovei, the air-gai)s should, obviously, 
be very small, to reduce the leluctancc of the indiuing ciniiit The 
sclf-extiiation of the latlei is then only an exaggeration of the effei t of 
tlie lagging reactive current, which has aheady been mentioned se\eial 
times. The operation of such a motor is therefoie i)uite possible, 
even at light loads; but the inductance the aimatuie has been 
increased at the same time atj its icaciion on the fiehl, and the (on- 
secpiencc is that the stability and, moreover, the ])os\eidai lor of tlie 
cuirent used, will be small, owing to the great lag of this t urrent Sue h 
a motor would, therefore, be bad from a commcuial point of view. 

Tjic conditions of opeiation can be easily ascertained by making 
use of the diagram on page 94, in which the M F due to external 
excitation is vSUpposecl to be zero. 

The operation of motors on the leaction-principlc is not limited 
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lo polyphase motors, but it can also be accomplished, although with 
more difficulty, in the case of single-phase motors. The phenomenon 
was lirst observed as early as 1874, by Siemens of London, who found 
that he could suppress the excitation of a single -pli a se motor without 
stopping it. The explanation is simple if wc refer to the use already 
made of the theorem of Leblanc, i.e., that the alternating field of the 
armature-reaction can be replaced by two fields, each of half the strength, 
rotating in opposite directions, one of which remains in front of llic 
field-poles and magnetizes them, the other being a useless parasite 
current, rotating with twice the speed of the poles and j)roclucing no 
effect (except eddy currents). 

Another explanation can also be given, based on the variation of 
the coefficient of self-induction of the armature at each period during 
its rotation. In consequence of this variation the reaction-flux li is 
a maximum when the armature coils are exactly in fiont of the [lolcs. 

This position is therefore that which the armature would tend lo 
lake if a diiect current were passing through it. Hence, if the macliine 
is driven by hand, it will be sufficient that the motion may continue, 
as in certain toys, to break or to weaken the cm rent each lime that tlic 
coils move away from a pole, or that it may close tlie circuit, or 
strengthen the curicnl, each time that they aptiroach the next pole. 
Now this effect is precisely ])roduccd with an alternating current 
(because the direction of the current is of no imjiortaiuc here) as soon 
as tile maximum of the periodic current is made to lead in plnuso 
with respect to the maximum of /, as can be easily seen. The sum 
of the effects w'hich attract the armaluie in the diicction of motion 
during a period is then greater tluin the sum of the contraiy effects. 

'The motion therefore continues, and it is easy to sec lliat it iniiy 
be steady, because every acceleration of the motion tends to diminish 
the phase-angle between I and /, and, conseciuciilly, tends to diminisli 
the dissymmctiical action, w'hile relaidation increases tlie ))hase-angle, 
and, consequently, increases the useful action of the current 

These considerations can be easily verified by calculation by referring 
to the ecpiation 

. 

— n — 

ill 

in which we will let to take into account tlic fact that there is 
no excitation. The alternator having a variable self-induction 


cos 20Jt^ 
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and supposing the current passing through it from the inside to the 
outside to be sinusoidal, and to be out of phase by the angle if) with 
respect to the position of coincidence between the poles, we will have 


/==^/o sin {loi—y). 

We will therefore have, for the voltage at the terminals, 


— r/o sin {lof-ij)) 

-'lo A) cos i(f cos W-h sin sin w/ j » 


the harmonics of the order 30)/ introduced by the pulsation of / being 
neglected. 

This equation is rc[>rescnted by the diagram in Fig. 71. it Is seen 



that tlie voltage T at the leiminaK is the geomelt iial resultant of llie 
vcclois 

-)I, j/, j/ {[letpendu ulii ) 

In this diagram the lag ^ of the uittenl is delined as ihe interval 
between the /ero-vaiue of the current and the position of (oiiuideiue 
of the ]K)tes. 

It is seen that the Is M.F. of sclf-induclana* ,S’ makes an obtuse 
angle with the cunenl / so long as ^ is tonijinsed betw’cen o and 
(the two vectoisbeing in opposition w^hen ^==0), and that It is in quadia- 
luie wdien 
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The expression for the mean electric power can be easily obtained, 
according to the usual rule, by multiplying the vector S by the pro- 
jection of 7 on 6' (7 and S being effective values). We then have 


P- ,97 cos .1 CB 

= P(U COb -d) \l *sin2 cos2 

on the assumption that 



The value of the power-factor, obtained from the preceding, is 


cos *--cos (j) cos ^sin d 

— X cos if) sin <jf 


or 


wlicncc 


-A sin 2 ^ 

2 iff 


B— —oiXl' sin 0 cos </;- 


(oXf - sin 2 (^ 


The powei is negative and Iherefoie the altetnutor opeiules as a 
motor (consuming electrical energy and ])U)(lucing mechanical powcu) 

whei^ the value of ^ is comprised between o and — ; and it operates 

as geiieiatoi (pjoducing electrical energy and consuming mechaniuil 

TT 

|«)uur) foi values of ip comi)rjse(l between o and — i.c., when tlie 

cunent is leading 

'riie powci is a maximum for 


4 


and its al)soliiie value is 


wXC’ wX! , 

^ maK~ Ai. 


2 


2 
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This ]K)\ver is necessarily very U)\v, since X is ncvci more than a 
fraction of the mean selMnduction /', and since the E.M.F, ^\llich is 

utilized, is itself only a small fraction of the E.M F, of self-induction 

of the alternator, which latter is always lower than the E.M.F. that 
would ))e generated if the alternator were excited by its fields. It 
can be easily seen that the power-factor always remains very low. 
Moreover, this motor has the same disadvantage as polyphase reaction- 
motors. For this reason, this method of using alternators does not 
appear susceptible of jjractical application. 

Synchronous Motor with Alternating Fields* "riie invention and 
the theory of a synchronous motor with alternating fields arc due to 
Galileo Ferraris {sec Moftoir presented to the Academy of Sciences oj 
Turin^ Dec. 1893, Industrie FJectriqne^ 10 Juin, 1894). In 

this apparatus the fields and armature are excited in series or in .shunt 
by alternating currents taken from the same source, and the armature 
is previously brought to a speed double that whicli would be suitable 
for a synchronous motor with constant fields. The motor then uins 
synchronously, and it can be lightly loaded. 

The operation of such a motor is easily explained by tlie aid 
of the theorem of Leblanc. Let equal the number of iiolcs and 

10 the Sj)ced of pulsation of the currents. The allemuting field 
(the field winding ijcing supposed stationary) can be exjiicssed ficti- 
tiously by two fields, rotating to the iiglit,llie oilier to llie 


left, with the contiaiy speeds -h— and 


.V speed equal to is 


given to the aimatuie In one diiection; the alleinuling field wii.cii the 
ai mature pi 0( luces is itself also e(jiii\alenl to two i(*\olving fields 


haying the velocities -I - and relolivclv It) the aimatuie. The 

P P ' 

concspoiuling absolute speeds will lie 


First fieltl, l/j, 


P P 


yo 

P 


to the i iglit. 


Second field, d/g, 


20 ) 

~P 


O) OJ , , , 

It) the iiglU. 


The field il/i will liave no action on the fields Hi and II 2, whose 
speetls aie cilhei different or contrary. Likewise, M2 'vill liave no 
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action on II i. On the contraiy, II2 and ji/'2, botli rotating to the 
right with the same speed will produce a regular torque. 

A motor of this type can be started more or less well by the methods 
of starting already described for ordinary synchronous motors. If 
the motor is started by means of an induction-motor for twO"j)hasc 
currents, it is well to group the stator-coils so as to reduce the numl)cr 
of poles by one-half, and thus obtain the doul 4 c speed which is necc.ssary, 

A disadvantage of this system is that it gives rise to upper harmonics 
in the induced E.M.F. of the motor. IMorcover, the field M\ of 
the armature will induce a harmonic of frequency 3^/ in the field- 
circuit, while the fields will give, in the armature, an E.M.F. of the 
form 


A sin o)i sin w/ — cos ^cut)^ 

i.e., also a harmonic of the .same frequent y, ^ioi. 

Resides, in consequence of the high self-induction, the power- 
factor is necessarily very low. 

Another type of single-phase synchronous motor with alternating 
field can also be obtained by employing, in the armature, currents 
commutated by means of a shell-commutator analogous to that used 
for the Ganz motors previously descril)e<l. When oiue .sym luonisni 
has l}cen attained, the effect of this commutator is to inveit the cuiicnt 
in the armature so that the torque lesuUing from the action of the field 
on the armature always retains the same sign. Tliis motor is about 
equivalent to the motor with [uilsaling field, since the two elements 
are simjdy inveitcd and the armature can be consideied as a revolving 
field. The only diffcicnce lesults from the udative impoitaiue of the 
ami)e re- turns of the armature in the fields. 
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BIPOLAR DIAGRAM OF THE SECOND KIND IN 
AMPERE^TURNS 

By Prof. C. A, Aduis, SB., li.K. 

INTRODUCTION 

In order to make plain the transition from Fig. 27, which is 
fundamentally an E.M.F, diagram, to the corresponding M.M.F. 
Diagram, it will be necessary to develop what may be called the 
General Vectoi Diagram of the Synchronous Motoi. 

Rcforiing to Fig. 72, R lepresents in magnitude and space phase ^ 
or direction, the resultant of the field Rl.Rf.F. F and the armature 
M.M F, .'I. The space phase of F is its ditection reduced to a two- 
pole ecjuivalent; i.e., the direction of the axis of the field poles in 
two-pole diagiam. The space phase of A is, for a single-phase 
machine, the average diiection (with respect to field structure) of 
the ai mature M M.F., and coincides with the direction of this 
MM.Y. when the runenl is a maximum, righl-hamled 01 clock- 
wise loLation of the ai mature being assumed. In a i)o(\ phase 
machine the resultant of the MjM.F.’s of the seveial ai mature 
phases is ap])i()ximate(y c'onstant in magnitude and diieelion foi all 
pails of a ie\olulion. The lime phase of the aimaluie cuneiit I 
may also be iej)resenLe(l by the direction of J, and by choosing u 
lU'oper scale of ampeies, the vectors / and J may be made ulentical. 

Assuming that the leluctance of the magnetic ciicuit through the 
aimatiiie and air-gap is the same in all ladial diiections, theie will 
lesiilL a flux, d’, in the same diiection as A\ I'he lotation of the 
armature through this flux will cause to be induced an IC.]\I F. F/ in 
magnitude pioportional to, and in time phase go° behind, The 

* A siniilur analysis for the alternator is given in greatei detail in the Ilurotml 
hu^ifiecring Joinmil for January, 1903 
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vector Eq! also represents (on the space phase diagram with riglit- 
handed ^ armature rotation) the direction of the axis of an armature 
coil when the induced E.M.F. is a maximum, just as Ihe vector I 
represents both the time phase of the armature current and the direc- 
tion of tlie axis of an armature coil when its current is a maximum, 
which is thus the direction or space phase of the armature M.M.F. yl. 
The vector Ex drawn equal to E2 and in opposite phase, rej^resents 
that part of the impressed E.M,F. Ex necessary to balance the induced 
E.M.F, (E2O. The impressed E.M.F. (jEi) must then be equal to 
Ex plus the E.M.F, 7r, in phase with /, consumed by the armature 



resistance, and the E.M.F, IXy go® ahead of 7 , consumed l)y the 
leakage reactance of ihe ai mature. 

The diagram of Fig. 72 gives a fairly complete representation of 
the lelations involved in the operation of the synchronous motor. 
4 wo assumptions are involved, liowevei, which should be kept in 
mind in case of a quantitative analysis: fust, it is assumed ihal the 
flux is in the same direction as the resultant M.M.F. but in llie 

It will be observed that the right-handed or clockwise arrnulurc rotation 
here assumed for the space phase interpretation of the diagram corresponds to 
the ruslomary left-handed vector rotation in the time plnisc diagram. In die 
case of a revolving field type of machine, the field mubt revolve left-hundcdly, 
in order to give the same relative motion between armature and fields 
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1 pole ^ machine the reluctance of the magnetic circuit through 
rmature is least in the direction of F and very much larger at 
angles thcieto; the flux will therefore tend to lie inside of R) 
m the side towards F: second, F is taken as the total M.M.I^* 
' field coils per complete magnetic circuit; but a part of F is con- 
d by the reluctance of the field cores and yoke, and is thus not 
iblc to compound with A in the armature space. The errors due 
ise two assumptions partly neutralize each other as far as the 
ion of is concerned, since the second throws it too far out 
he first tends to bring it back. 

ut even tliis diagram with its approximations is too complex 
of service in getting a clear bird’s-eye view of synchronous 
" oiicration, although it is an excellent starting point for further 
iximations, and will prove very useful tor reference pur|)oscs. 
lie two familial approximations arc obtained as follows: 

Diagram Transforma'I’ions 

any dynamo-elcctiic machine there are in general two IVI.M.Fds, 
of the field and armature. In cominiting the E jM.F. of such 
:hine, it is ))Ohsible either to consider the resultant of these two 
I’.’s and the corresi)oncling flux, oi to consider the fluxes which 
L he pioduced iiy the two M.M.F.’s if acting separately, and to 
he resultant of these two fluxes. The lesulls of the two methods 
iteduie are identical only when the reluctances of (he magnetic 
ts in which the several M.M F.’s act aie etiual. 'fhis condition, 
h novel present excciit in a veiy loughly appioximate degree, 
s’eiiheless a veiy convenient one to assume fot j)urposes of 
xiinate analysis. With this assumption, the vaiioiis fluxes in 
iise will l)e piopoitional to iheii several M.M F ’s an<l in the 
direction oi space phase, moieovei, at constant speed of lola- 
llie Ix.lM.Fds generated in the a i matin e l)y cutting through 
fluxes will be proportional iheieto and in sjnice and lime (juadia- 
herewith. 

will be legitimate, therefore, undei the aliove-mentioned 
Tiption, to substitute for any M M.F. its corresponding (lux or 
01 to substitute for any E M.F. its corresponding flux or 

he nnHt au urate diagram for the salient pule machine is Professoi lilondePs 
Miction Diaj^ram employed in Chapter lit, but this does not lend ilsdf 
to a simple visualization of the problem in hand, or to sim[>Ie talculalions. 
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M.M.F., since these are proportional to each other in magnitude and 
bear to each other a fixed phase relation, 

E.g., in Fig. 72 there are shown vectors which represent three 
M.M.F.'s, Af F, and their resultant F, each one of which would, 
under the above assumption, produce a flux of the same phase and 
proportional in magnitude. These fluxes and their resultant 

are shown in Fig. 73, as well as the corresponding E.M.F.^s 
and F2', which would be induced by the cutting of the armature 
conductors through these fluxes, and which are behind their 
respective fluxes. There are thus three three fluxes, and 

three E.M.F.^s, each set being proportional to the other two, and 



the three triangles representing the relations between llic elcmcMits 
of the three sets being similar, 

E.ME. Diagram 

In Fig. 73 Epj Ea) and Ei aie the parts of the impressed E.M V. 
consumed by the induced E.M.F.’s E/, Ea\ and E2 respectively, 
just as Ir and Ix are the parts of the induced E.M.F. consumed by 
lesistaiicc and leakage reactance, Moreover, since Ea is jiiopor- 
tional to and in quadrature with A (and therefore /), it is in ]ihasc 
with Tx and may be written, 

EA = TXAi 

where xa (the constant of proportionality) is an equivalent reactance 
representing the armature M.M.F, The sum xA'Xa — X is called 
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tlie synchronous reactance, and the corresponding impedance 
is called the synchronous impedance. The use of 
these quantities reduces the synchronous motor or alternator to a 
very simple basis, although at the expense of accuracy. 

It is then possible to subdivide the impressed E.M.F, Ei into 
three comi)onenls; £/,», necessary to balance the counter "E.M.F. 
which is due to the excitation F considered as acting alone; Ir con- 
sumed by resistance; and /X consumed by the synchronous react- 
ance X: or, the synchronous impedance E.M.F, may be looked 



upon as the resultant of ihc impressed KM K E\ and Iho counter 
E.M.F, liy. This is shown nioic cleat ly in llie simphjied K.M.F 
diagram of Fig, 74, where Bz coi responds to the E^/ of Fig. 7^^, and 
E-IZ Tire current / will then lag behind the lesuUaiU EM F. E 


an angle whose tangent rs 

The transformation fi*om Fig. 72 to Fig, 73 consists in substituting 
(or the armature M.M.F an E.M.F. Ea\ which would be induced 
in the armature by cutting the flux which in turn would be 
produced by the M.M.F, A if acting in a magnetic circuit of the same 
reluctance as that in which R produces 
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The triangle E\E2E of Fig. 74 is the E.M.F, equivalent of the 
M.M.F, triangle of Fig. 73; or, if r and .v be neglected, it 

would reduce to the E.M.F. equivalent of the triangle RFA of 
Fig- 73- 

This is the Iwsis of the diagrams of Chapter TI, which are essen- 
tially E.M.F. diagrams. 

The M.M.F, or anipcre-turn diagram is similarly obtained from 
the general diagram by substituting for the E.M.F. ’s /; and Ix their 
equivalent M.M.F. ’s Nit and Nix\ i»e., Nir and Nix arc the M.M.F. ’s 
which would produce the fluxes and the cutting of which by 
the armature conductors would induce E.M.F. ’s equal and op[)osite 
to Ir and Ix (see Fig. 73), where Ri and are the M.M.F. and 
flux corresponding to the impressed E.M.F. E\, and A\ the M.M.F. 



corresponding to the E.M.F. JZ. Thus the M.M.F. rectangle A\R\E 
is similar and equivalent to the E.M.F. rectangle !ZE\Ei\ and the 
M.M.F. triangle A\FR\ of Fig. 75 is similai and ecjinvalent to the 
E.M.F, triangle EE^zEi of Fig, 74. 

It is thus evident that with constant impiesscd E.M.F., constant 
load and vaiialjlc excitation, the point /I, Figs. 75 and 76, will lie 
on the arc of the circle as does J2 in Fig. 27; but it will tje inoie 
interesting to go hack to fundamental principles and to make tins 
j)roof independent of that fot Fig. 27. 

In any direct-current dynamo-electiic machine the elect) o- 
magnetic torque is proportional to the product of the am|iere-tuins 
on the armatuic and the flux upon which the armature cuirent reads. 
In an alternating current machine the space phase of the armature 
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current also enters. E.g., in Fig. 75 the armature current in every 
coil reaches its maximum value when the axis of the coil has the 
direction of the vector A or /; i.e,, when the plane of the coil is in 
the line which difTers from the direction of the flux <P by the 
angle 4^'. Thus the torque-producing clTect of the current is reduced 
from its maximum possible value, in the ratio cos and the torque is 


T ^ cob 4 ^', 



where /^r is the constant of ptoj)()rtioniility, But 


where fP is the reluctance of the magnetic circuit and may for tlie 
present be assumed constant. 

Then the output (which is propoitional to the torque at constant 
speed) may be written 


(r) 


p2^k2AR cos 4^', 
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where is a constant. But, 

R cos cos ij;— cos y> 

where is the phase difference between Ei and /, and 
cos Y = Nir-r A 1 = r-r Z 

also^i is proportional to A (on the assumption of constant reluctance 
in all directions through the armature, see “ Diagram Transforma- 
tions,” page 149, therefore 

cos /li^ cos y)j .... (2) 


where K2 is the new constant of proportionality. 

Referring now to Fig. 76, the isosceles tiianglc 0 /lC is constructed 

on Ri as base, with Y^=tan"^ angle. 

The notation is the same as in the preceding figures. 

Locate the pmiit B hy the rectangular coordinates u and v ineiisured 
along the axes OC and OD (perpendicular to OC). Then u — Ax cos 
and 

— (lf2+J)2) cos Y, (,^) 


2 cos Y / \cos Y/ . \ ^ / 


P2 cos Y 


This equation has exactly the same toim as ecjualion (Sec Cli. II, 
near Eq. (19)) and its interpretation is likewise llie same. 'Phe radius 
of the constant-power circles is 


Radius = 


AjV cos Y 


- ( 5 ) 


The general intcrpictalion of Fig. 76 is identical to that of Fig. 27, 
but the method of quantitative application is not quite so obxious. 
The simplest method is as follows: 

Since Ax, h\ and Rx aie measured in ampeic-Uirns, they may in 
any given case bo expressed in terms of the equivalent field ampei(>s, 
R\ being the field current taken from the saturation curve at the 
point corresponding to the impressed E.hl V. E[, R i)eing the actual 
operating field current, and Ax the field cuirent takem from the 
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shorLcircuiL curve at the point corresponding to the actual armature 
current L The reason for this last step is obvious when it is recalled 
that when the machine in question is operated as generator on short 
circuit, E\ and Ri are zero and A\^F, This is in fact the definition 
of Au 

Equation (5) gives the radii of the constant power circles in 
ampere- turns; but it is somewhat simpler to compute these radii 
from the formula given for the E,M.F. diagram, Eq, (19), Chapter II. 
This formula may be written 

Radius (volts) . (6) 



Designate by kaf the ratio of shoit-ciicuit armature amperes to the 
corresponding field amperes as taken fiom the short-circuit cur\e. 
Then the radius in field amperes is 


Radius (field amperes) = 





r ’ 


( 8 ) 
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When P2-O the circle passes through 0 and yl, and the corre- 
sponding radius is, 


Radius (field amperes, P2 — O) — 


2kafr 


CO, 


This together with Ri determines the isosceles triangle of Fig. 76, 
although the base angles 0 arc the same as for the E,M.F, diagram 
(Fig. 27) and can be computed from r and Z, the latter being deter- 
mined in the usual manner from the saturation and sliort-circuit 
curves. The two methods of constructing this diagram give the 
same results when the value of Z employed is that coircs]X)nding to 
the point Ei on the saturation curve. 

Thus the ampere-turn diagram is completely and easily deter- 
mined by the same information required by the E.M.F. diagram; 
namely, the armature resistance, the saturation and short-circuit 
curves, and the impressed E.M.F. 

In the case of the polyphase machine, P2, Ei, and r should desig- 
nate the per-phase values. 

The ampere-turn or M.M.F. diagram has several advantages over 
the E.M.F. diagram. 

Firsts the substitution of an equivalent M.M F. foi tlie leakage 
impedance E.M.F., involves less error than the sub.stituLion of an 
equivalent E.M.F. for the armature because in the common 

type of synchronous motor the armaUue M.M.h". is huge as coin- 
])aicd with the leakage imi)cdancc E.M.F. 

Secomly in determining the exdiniiou or l>ha\c charadcjisUcs 
(Fig. yg) by means of the M.M.F. diagiam, F is given directly 
in field amperes, the ([uantily actually measured, unci Ji is 
given in equivalent field amperes, foi which the corresponding arnialiue 
current can be taken directly from the shoil-circuit cutve, wliich is 
usually a straight line; wlieieas when taken from the E.M.F. diagiam 
the results arc in terms of aimatiu.c current and of E2, the hitter 
being a hypothetical E.M.F,, which would be induced if there weie 
no armature reaction, and assumed constant for constant excitation. 

Thinly the M.M.F. method gives a cleaier picture of the actual 
phenomena. E.g., if all the constants roiev to two similar macliines 
(generator and motor) together with the connecting line, and if 
these machines are of the revolving field type, Ri and F arc respect- 
ively the field M.M.F.^s of generator and motor, and their relative 
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directions show clearly the relative angular j^ositions of the two 
revolving fields, 0 being the coupling angle as before. 

Also the torque-producing mechanism (the flux represented by 
Rij the armature ampere-turns represented by yli, and their phase 
difference) is a little more obvious. 

In both E.M.F. and M.M.F, diagrams the line OB is in length 
proportional to the armature current, and the angle ^ designates 
the phase difTcrence l)ctwcen armature current and impressed E.M.F, 
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In the case of a normal machine, the aimaUue lesisiaiue is small 
as com|)a!ed with the synchronous leactaiue A', and the con slant - 
])o\ver circles flatten out almost to sliaight lines (see Fig 78). 

lixiunjAii, In Fig. 77 are shown the saturation an<l shoiLcircuil 
curves of a thiec-phase 60 FI.P. 44o-v()lt synchronous motor. 

The M.M.F. diagram is shown in Fig. 78 and the phase chiuac- 
teiislics in Fig. 70. ff the abscisste of the ])hase chauicteiistics, 
(letci mined fioni the E.M.F, diagram, weie to be transformed fiom 
E.M.F. to field cun cut through the medium of the saturation ciuvc, 
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the results would be found to differ widely from the curves of Fig. 79, 
the latter being much more accurate. 



Approximate Diagram 

If the resistance r be neglected in Fig. 76, OC and AC will become 
vertical and parallel, and the constant-power circles will degenerate 
into straight lines (see Fig. 81). 

Following the interpretation of Figs. 27 and (76) we have, as the 
general interpretation of Fig. 81 : — 



The region to the right of the vertical line SS corresponds to 
unstable operation, while the region to the left corresponds to stable 

operation. __ 

The region above OD and between LL and SS corresponds to 
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lagging motor current, while that above the line ^ and to the left 
of LL corresponds to leading motor current. 

The region below OD and between LL and SS corresponds to 
leading generator current, while that below OD and to the left of ZZ 
corresponds to lagging generator current. 

Extreme Cases 

The assumptions (involved in the above-described diagrams) that 
the flux <I> has the same direction as and that constant ^ means 
constant R, irrespective of the direction or space phase of 45 , become 



loss and less warrantable as the' conditions of ()])eration de])art farther 
and farther from the normal. 

K.g., consider the case of light load and very low excitation 
(Fig. 8o). R makes such a large angle with F (the axis of the field 
magnets) that will not only be less in j)r()j)()rtion to owing to 
the greater reluctance of the magnetic circuit in this direction, but 
it will also be ])ulled down more nearly into the direction of F, because 
that is the direction of minimum reluctance. Then K\ { — E\) will 
also be shifted by an equal angle, since it must ])e in c[uadraturc 
with 45. This is shown by the light lines of Fig. 80. Thus R will 
lag behind Ei by less than 90°, and if F be reduced to zero, A ( = i?) 
will still have a torque component and the motor will operate under 
very light load without any excitation. 
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The physical explanation of this is that the armature current 
reacts upon a flux produced wholly by said armature current. Ordi- 
narily this self-produced flux would be perpendicular to the plane of 
the coil, and would therefore have no component in the plane of the 
coil upon which the current could react to produce a torque; but in 
this case the unsymmetrical reluctance of the magnetic circuit results 
in a flux not in the same direction as the and the motor 

will actually run without excitation at very light load. The arma- 
ture current is, of course, excessive. 



M echanical A nalogiic 

The apiiroximaLo diagram of Fig. 8r lend.s itself readily to the 
explanation of a very interesting mechanical analogue to the synchro- 
nous motor. 

Consider two shafts, a driver and a driven, placed end to end in 
the same line and connected together by an elastic coupling consisting 
of an elastic string or band, the two ends of which are connected to 
two crank j)ins on the two adjacent ends of the shafts in question. 
Assume further that the tension of the elastic band is directly pro- 
portional to the distance between the two crank pins which lie in 
the same plane perpendicular to the shafts. In Fig. 82 is shown a 
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diagrammatic end view^f this coupling: the point D is the center 
of the shaft; the line DO is the radius of the driving crank pin and 
DB that of the driven crank pin; OB is thus the distance between 
the two crank pins, to which the tension of the elastic band is pro- 
por&najj_the lever arm of the tension about the center of the shafts 
is DC=DB cos <[), and the corresponding turning moment trans- 
mitted from driver to driven is thus proportional to liCXQB. But 
DC=DO cos ']i, and the tm^ue or turning moment is T=OBXW 
cos tl^; or since OB cos iJi = OBo, l'=OB oXOD ; i.e., the torque is pro- 
portional to the area of the rectangle DOBo. OBq is the tangential 



component of the tension OB, and OD is the corresponding lever 
arm. 

Consider now the operation of this coujiling for given crank ])in 
radii and a given stiffness of the elastic band OB. At no load or 
zero torque the crank DB will lie ])ulled ahead into line with JX), 
the tangential comi)onent of the tension (JTi will he zero, the angle 0 
will be zero, Bo will coincide with O, and the rectangle IX) Bo will 
collai)se into a line according to the above-indicated relation between 
the torque and the area of this rectangle. If now the load torque 
be increased, the p^t B will fall back to the right, and the angle fl 
will increase until OBo, the tangential crank effort, has attained the 
the value imposed by the load. A further increase in the load torque 
will be accompanied by a further increase in 0 and in ^o; but it 
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will be observed that there is a limit to tlie possible increase of 
namely, when 0 is 90° and 0 ~B()~DB, beyond wliicli the tangential 
crank effort OBo decreases, to zero when ()=i8o°, to a negative 
maximum when 0=270°, and back to zero again when 0 = 360° or 0°. 
Thus although the tension OB goes on increasing after 0 has passed 
the 90° point, the lever arm decreases more rapidly than the tension 
increases, i.e., the tangential comyjonent (0./io) of the tension decreases. 

Assume now lliat with constant load-torque the drveen crank pin 
radius is altered. The tangential crank effort, OBi), must remain the 
same, and the driven crank pin B must lie somewhere on the line 
B{)B{){). Thus for a given driver crank radius, the angle 0 and the 
tension OBy depend upon the torque demanded by the load (which 
is proportional to OVlo), and upon the driven- crank pin radius DB. 
For each value of the load torque and of 6/io, the tension will be a 
minimum for that value of the driven crank pin radius /J/j, which 
causes B to fall at It is obvious that tins particular vaiue of 
DB varies with the load. 

If now the driver crank pin radius Tx) be increased, the \'alue of 

O/Jo for a given load will be decreased and vice versa, since their 
product must be constant. 

It has been assumed thus far that a fixed relation exists between 
the crank pin dis[)lacemcnt OB and the coupling tension; but wliih^ 
this is true for a given case, it is evident that a cliiTerenl elastic liaiid 
or s])ring could be substi Luted which would have a different (‘laslic 
coefficient, and with which the angle 0 would he ciuite dilTeriMU lor 
the same load. 

The angle 0 will be hereafter referred to as the rouplinfi angle. 
ft obviously depends uiK)n the load torque, the two crank j)in radii, 
and the elastic coefficienl of the coupling. 

Let />= tension in ])oun(ls-=/e^O/:j, where k is the coelTicient of the 
elastic band. Then if DO and DB are measured in feel, the torejue 
in poll I id- feet will be 

T = kX()JhyUX)==kXm cos 'jXl) 0 ==kXDB sin i)XD(). 

Thus for any given value of thi^ crank pin radii, the torque varies 
as the sin 0. 

A comparison of the diagrams of Figs. 8t and 82 w'ill show their 
exact meclTanical equivalence. .In both cases the torejue is propor- 
tional to OBi) for a gwmi value of OD; therefore the relation of the 
torque to 0 and to DB is exactly the same in the two cases. In 
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Fig. 8 i OB is a measure of the armature M.M.F.j i.e., the strength 
of the armature considered as an electromagnet lying across the 
magnetic field whose flux is ^ and whose M.M.F. is R (see Fig. 83 ). 
The resulting torque is then proportional to Ai^cos^p or approxi- 
mately proportional to AiR cos cp; but in this approximate analysis, 
<!? and therefore R is determined by the impressed E.M.F., and is 
in any given case a rough measure of the exciting M.M.F of the 
generator which supplies the power, while F is the exciting M.M.F. 
of the synchronous motor. 

Thus the two crank pin radii correspond roughly to the exciting 
M.M.F. ’s of the generator (driver) and the motor (driven), the 
tension OB corresponds to the armature M.M.F., the angle ^ to the 
phase difference between current and E.M.F. or to the angle by 
which the armature M.M.F. differs from its position of maximum 



torciuc-producing effect, and the C()ii])ling angle 0 roughly to the 
mechanical ])hase difference (measured in electrical degrees) between 
the revolving parts of the generator and motor. 

The electrical angular velocity of the motor is the same as that 
of the generator, hut their mechanical angular velocities are inversely 
as their numbers of poles; while in the mechanical analogue the 
angular velocities of the two i)arts of the couj)ling must be the same, 

* In order to see what determines the stiffness of the electro- 
magnetic coupling between alternator and synchronous motor, it is 
necessary to remember that the torque is strictly proportional to the 
])roduct of the ilux and that comi)onent of the armature M.M.F. 
in quadrature with <^ 1 >, and that for a given value of fl> the necessary 
M.M.F. R will depend upon the reluctance of the magnetic circuit; 
c.g., if a synchronous motor has its pole faces bored back so as to 
increase the reluctance of the magnetic circuit, a larger resultant 
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excitation R must be supplied in order to produce the same flux ^ 
made necessary by the same impressed E.M.F.; but with this same 
flux, the same load .will require the same torque component OBo of 
the armature M.M.F. A. Thus although R and F have increased, 
OBo is unchanged, and the angle 0 reduced, for the same ratio of F 
to R. This decrease of the angle 0 for a given torque corresponds 
to a stiffening of the elastic band in the mechanical coupling, and 
increases the break-down torque (when 0 = 90°). In fact, the above- 
described change in the synchronous motor is commonly called a 
stiffening of the field, in that the latter is then less distorted by a 
given armature M.M.F. 

It will be observed in this connection that every synchronous 
motor has a natural period of oscillation about its mean running 
position, which depends upon the moment of inertia of the revolving 
part and the stiffness of the electromagnetic coupling. These oscil- 
lations correspond to a variation of the coupling angle 0 about its 
mean value, and a pulsation of power-flow. If the angular velocity 
of the supply alternator should oscillate about a mean value, the 
resulting oscillation transmitted to the synchronous motor through 
the electromagnetic coupling would depend upon the amplitude and 
frequency of the impressed oscillation, upon the moment of inertia of 
the revolving part of the motor, and upon the stiffness of the coupling. 
If the impressed oscillation should have the same frequency as that 
of the freely oscillating motor, the latter would tend to increase its 
amplitude of oscillation until it would swing past the point of maxi- 
mum torque (()==90°) and break down. If, on the other hand, the 
frequencies were widely different, the amplitude of the transmitted 
oscillation would be greater, the stiffer the coupling and the less the 
moment of inertia of the revolving part. 

These ])henomena are usually covered by the term ‘‘ hunting ” 
or “ phase swinging,” a quantitative analysis of which is given in 
Chapter IV. 

1 

Length of Air-Gap 

It will be interesting here to review the relative merits of high 
and low synchronous impedance in a synchronous motor; i.e., of a 
soft and a stiff electromagnetic coupling, or what is equivalent, the 
relative merits of a short and a long air-gap. 

Take first a system in which there is a considerable pulsation of 
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frequency due to the non-uniform crank effort of a single cylinder 
steam-engine which drives the supply alternator. 

If the impedance (including generator, motor and line) be very 
low, i.e., if the air-gap be long and the coupling stiff, the motor 
speed will follow closely the frequency pulsation. There is thus a 
pulsation strain on the coupling accompanied by a large pulsation of 
power and current. If the motor is large enough as compared with 
the alternator, the stiff coupling will have the effect of adding fly- 
wheel capacity to the alternator and will tend to reduce the frequency 
pulsation, but at the expense of heavy current and power pulsations. 
If, on the other hand, the impedance be large, the frequency 
pulsations will be partly absorbed in the soft coupling, the motor 
will not follow closely the frequency pulsations, and there will 
be much less pulsation of power and of current. There is, how- 
ever, an obvious limit to the desirable softness of coupling, namely, 
that beyond which there is danger of a breakdown of the motor 
because of the soft coupling. 

There is also another objection to the soft coupling, which will 
appear from an inspection of the E.M.F. diagram (Fig. 27). If the 
reactance be high, the coupling angle will be relatively large for a 
given power, and there will be a large variation in the power factor 
of the motor from no load to full load under constant excitation, or a 
frequent adjustment of excitation will be demanded in order to 
maintain a constant power factor. 

When polyphase synchronous motors or synchronous converters 
are started by the induction motor action of the damping coils, or 
i)y hysteresis and eddy current torque, it is desirable to have as short 
an air-ga]) as possible in order to keep the necessary starting current 
within limits. 

The choice of air-gap is thus a compromise and dei)ends some- 
what upon the particular service demanded of the motor in question, 
and upon the nature of the system on which it oi)erates. 'Fhe gap 
should preferably l^e not as long as demanded by good regulation in 
the synchronous alternator, nor as short as demanded by high-i)ower 
factor in the induction motor or induction generator. On this point 
there is considerable difference in practice, particularly in the case 
of synchronous converters. 


CHAPTER VIII 


GENERALIZATION OF DIAGRAM FOR COUPLED 
SYNCHRONOUS MACHINES 


The diagram represented in Fig. 27 (page 44), which is based 
upon Joubert’s theory that the armature-reaction of the alternator 
employed can be adequately explained by supposing the presence 
in the armature of a simple mean synchronous reactance, can .be 
retained to advantage for certain purposes even in the case of the 
theory of “ two reactions,” developed by the author in Part III, 
Chapter I, for alternators with saturated magnetic fields. It 
may, indeed, be noted that the impedance Z, which enters into the 
expression for the vector, ^1^2? is still a constant of the same char- 
acter as before, though it now represents the impedance of the trans- 
verse reaction, which may be symbolized by Zt, when we take 

Zt = 


We will first suppose the case of two alternators which comply 
with Joubert’s law (i.e., which have a constant synchronous react- 
ance). The clearest form of electrical transmission diagram will be 
obtained by first combining the diagrams shown in Fig. 27 (page 44) 
and in Fig. 43 (page 86). All that is necessary is to point off along (FI 
(Fig. 84) a distance proportional to the voltage ((/) at the terminals 
of the two alternators, these being assumed to be near each other. 
(If they are far apart the impedance of each one is to be increased 
fictitiously by an amount equal to half the impedance of the line 
by which they are coupled together). The vectors of the e.m.f.’s 
of these alternators are then drawn in proper magnitude and phase. 
(The alternators may be unlike provided they both have the same 


characteristic ratio ~ =tan y). 


W^e then draw the line of zero 
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phase-angle, AN, lagging by the angle, y, with respect to U, and 
point off, at N, the center of the circles of constant internal 
power, which will be the same for the generator as for the motor. 
The three points A1AA2 are then joined by a straight line, ^1^2, 
which represents twice the product Zd, of the impedance Zt by 
the current, I, that is to say twice the impedance e.m.f. of the 
circuit. In reality the e.m.f. U may be considered as being that of 
a line ” absorbing the energy of the generator and supplying the 



Img. 84. 


same cnerg}^ to the motor. We thus introduce a “ fictitious line 
which does not change the phenomena in any way, but which has 
the advantage of enabling the diagram to be generalized comi)letely. 


The current / passing between the two alternators is equal to 


A Ax 
Z] 


and it lags behind A A 1 by the angle y. 

In the “ two-reactions ” theory, this diagram is modified in 
the manner now to be explained. The phases of the currents are 
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still deduced from those of the e.m.f.’s by means of the internal 
resistance r and an inductance j but that inductance is then the total 
transverse inductance The sides, A^A and AAi^ of the 

triangles will therefore represent ZJy where Zt symbolizes the impe- 
dance which corresponds to the transverse inductance, where I 


(jiLt 

represents the current, and where tan 

OA2 no longer represent the internal e.mi.’s except in regard to 
their phases. To represent them in magnitude as well as in phase, 
the diagrams shown in Fig. 85 must be constructed by reference to 
the characteristic curves for these two alternators, which curves, 
for the sake of simplicity; are here supposed to be the same for both 
machines. 



Let OMiNi be the total excitation characteristic or saturation 
curve obtained by plotting the excitation ampere-turns as abscissas 

and the induced e.m.f.’s at no load as ordinates. Let == the 

V2 

armature ampere-turns produced by an effective current / in the arma- 
ture (with peripheral conductors per pair of poles; and let us select, 
for Fig. 84, a scale such that the current-vector AI will also represent 
these armature ampere-turns according to the scale of abscissas in 
Fig. 85. We then draw ABi and ^1^2, perpendicular respectively 
to OAi and O/I2 (in Fig. 84); and we point off AFi and AF2 both 
equal to and also draw FiDi and F2Z>2, perpendicular respect- 
ively to 0 ^ 4 1 and OA2, The vectors ODj and OD2 represent the 
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internal e.m.f.^s generated in the, two alternators by the direct flux, 
i.e., the flux along the field axis. Let 9 i and represent these 
two e.m.f.’s, and let them be drawn as ordinates on the total charac- 
teristic curve (Fig. 85). The corresponding abscissas omi, and 01712, 
represent the excitation ampere-turns necessary to generate these 
e.ni.f.'s at no load. We add to them, respectively, the counter 
ampere-turns of the armature, mini and m2n2, obtained, respectively, 
oy projecting (Fig. 84) the vector AI on the perpendiculars to 0 / 1 1 
and OA2, since these projections represent the reactive components 
of the armature ampere-turns. They are 

KNiJi , KN2J2 

and -—7=—, 

V 2 V 2 

in which Ni and N2 represent the numbers of peripheral armature- 
conductors per pair of poles in the two machines, and K is the utili- 
zation-coefficient for, the particular winding. We thus obtain the 
e.m.f.’s £1 and £2; but these are not yet altogether exact, because we 
have neglected the small increases of excitation which are necessary to 
compensate for the increase in saturation of the field magnet cores 
resulting from the increase in magnetic leakage between the pole- 
pieces. The correction necessary is very easily made, if the permeance 
Bj, of the leakage path is known and if the excitation-characteristic of 
the magnetic field cores alone {OQ) has been drawn, as shown in Fig. 
85, by ])l()tting it reversed, to the left of the axis of ordinates, taking 
the excitation am])ere-lurns as aljscissas and the magnetic flux 
through the magnets and yoke as ordinates. This characteristic curve 
should be drawn according to a scale of ordinates such that the 
magnetic fluxes may be rei)resented by the electromotive forces 
which they would generate in the armature if they were to thread 
through it. Let ^ be the angle of the tangent to the curve OQ 
at the point c. Let us now draw at Mi an angle bM\a = a, whose 
tangent represents the permeance Bj. of the magnetic leakage i>ath. 
'rhen the vertical segment a6, intercepted on the line N\n\, repre- 
sents the additional magnetic leakage flux. Let us draw two hori- 
zontal lines ac and bd, and take their intersection with the field- 
characteristic (at the left in Fig. 85), and let us then find the cor- 

tan a 

responding abscissas, piqi^ The segment p\qi “ represents 

and measures the supplementary ampere-turns required. Let us 
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take mni^piqi) and m\ni represents and measures the total 
ampere-turns made necessary by the armature-current. In like 
manner, m%n2 represents the corresponding ampere-turns required 
for the motor 0.42 at the output indicated. 

To the two values on\^ and of the total ampere-turns, cor- 
respond electromotive forces and equal, respectively, to iVi'm' 
and N2n2\ on the total characteristic. These e.m.f.’s (which are 
those that would appear if the current I ceased suddenly to pass 
through the alternators), correspond, in the present case, to what we 
term internal electromotive forces in the case of Joubert’s theory. 
By measuring off (Fig. 84) from 0 , along 0.42 and OAi, distances 
OKi and O/C2, respectively equal to these e.m.f.’s, we obtain two 
vectors which replace, in the “ two-reactions ’’ theory, the vectors 
0 . 4 1 and 0.42 in the diagram obtained with Joubert’s theory. 

It is seen that, in consequence of saturation, these vectors are, 
in general, shorter than 0 . 4 1 and 0.42; but this is not a necessary 
result, because it is possible to design an alternator in which the 
transverse reaction would be very small, by reducing the width of 
the pole-pieces, and which could, consequently, lead to a length for 
0.4 1 less than O/Ci, at least so long as the saturation of the field- 
magnets is low. 

For the sake of simplicity Lt has been assumed constant at all 
loads, because the influence of the air-path is generally prepondera- 
ting in the transverse magnetic circuit, contrary to what is true for 
the principal circuit ; but those who may wish greater refinement can 
take into account the slight variations of Lt with the load-conditions 
of the alternator, and they can also replace the perpendicular straight 
lines ABi and AB2 by curves comprised between these straight lines 
and segments of circles. In this way allowance can be made for 
the fact that, in certain cases, the transverse reaction may not raise 
the voltage at the terminals as much as when the pole-pieces are 
wide. This complication of the diagram docs not materially increase 
its precision and it is therefore preferable to use the simpler theoret- 
ical diagram. 

The circles of constant power of the old diagram are to be replaced 
here by lines, which are drawn by points. To obtain these lines, 
the values of E'2 are drawn or determined for a large number of 
positions of ^2 and for the corresponding power-outputs, and each 
power-value is indicated near the point A2 corresponding to it. 
When the entire diagram has been in this way covered by a sufficiently 
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numerous series of points, these may be considered as being “ levels 
on a topographical plan, and lines connecting together the points 
at the same levels ’’ can be drawn like the “ contour lines on 
topographical plans. Between any two such lines of constant 
power, other lines of constant power of intermediate value can be 
drawn by interpolation in the well-known way. 


PART II 

GENERAL DIAGRAMS DEDUCED FROM THE DIAGRAM 
FOR SYNCHRONOUS MOTORS 

CHAPTER I 

GENERAL DIAGRAMS DEDUCED FROM THE DIAGRAM FOR 
SYNCHRONOUS MOTORS 

Introduction. The author presented, at the Electrical Congress in 
Paris, in 1900, a paper on The Graphical Theory of Rolary Converter 
Regulation, the object of which was to set forth a i)urely gra[)hical, 
but nevertheless complete, method of treating this complicated though 
interesting question, and to show, at the same time, that the solution 
of the problems involved could be reduced to the solution previously 
worked out for synchronous motors, by the author, and could be 
reconciled with his “ theory of two armature-reactions in alternators.” 

In accordance with that theory, the rotary converter can, in effec't, 
be treated as a simple particular case of the synchronous motor, 
namely, as a synchronous motor having no transverse reactions; and 
the vectors obtained for synchronous motors are rendered api)licable 
to rotary converters by merely suppressing the transverse reaction 
vector. 

It is thus seen that this theory contains nothing artificial, but that, 
on the contrary, it is both general and homogeneous to a high degree. 

Notation. The notation used may be substantially the same as 
for synchronous motors, but the meaning of some of the subscripts 
must be changed somewhat to take into account the fact that the 
armature of the rotary converter receives currents of two kinds, primary 
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and secondary. (The primary and secondary windings can be 
different.) The notation used will be the following: 


r= periodic time (duration of one period), in seconds; 

frequency, or speed of pulsation of the current; 

total resistance of circuit (generator, line, and primary winding of 
converter) ; ^ 

/= cumulative self-induction of generator and line; 

self-induction of converter due to magnetic leakage of armature; 
L== self-induction added in the form of reactance-coils; 

Y=a>(L-f^+.y) = total reactance of alternating current circuit; 
Z=\/i?2-|.x2 = total impedance corresponding; 

effective E.M.F. (being the E.M.F. supplied by the line or that 
induced in the generator, in the case of a simple transmission 
circuit). This E.M.F. is to be considered always constant 
unless otherwise stated; 
number of phases of the primary- current; 

£== effective primary (alternating) E.M.F. of the converter; 


£ 

^=£ 2 — secondary or induced (D.C.) E.M.F.; 


ratio of transformation of the converter; 

7 = effective value of one of the primary (alternating) currents; 
7^0, or active component of that current; 

7^/~ reactive component of that current; 


0 = phase-angle of lag corresponding to 



6^— phase-angle between the E.M.F.’s e and K\ 

72= secondary (direct) current, proportional to J less the losses; 
A^= number of i)eriphcral i)rimary conductors per magnetic held; 

7C ~ reduction-coeflicient for primary winding; 

A ^2 = number of peripheral secondary conductors ])er magnetic hehl; 
ri = am[)ere-turns of (shunt) field-coils; 
n== number of exciting turns of series-winding; 

resistance per turn of shunt-winding; 

/o— active current when the load is zero; 

^ 0 = reactive current when the load is zero. 


^ The resistance of the line and generator arc negligible in the ca.se of a rotary 
converter supplied with current from a large distribution-system. 
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Generalities. Reduction of all Armature-Reactions to the Single 
Direct Reaction. The inducing field is the resultant of three magneto- 
motive forces (Fig. i); 

1. The inducing ampere-tums of the exciting current; 

2. The ampere-turns which are reactive with respect to the E.M.F. 

and which act in the same way as the preceding; 

3. The difference between the active ampere-turns and the second- 

ary ampere-turns produced by the direct current. These 
two kinds of ampere-turns tend to produce fields which are 
diametrically opposed to each other and which make a phase- 

angle of ~ with respect to the exciting field. 

2 


Practically, the theory is greatly simplified by the fact that the 
active ampere-turns and the direct- current secondary ampere-turns 
are substantially equal to each other at all loads. 

On the one hand, the winding being a direct-current winding, the 
average number of active ampere-turns will be given by the formula, 


k-i^V2 

2 


(a) 


in which N = number of ivires; 

active component of primary alternating current; 

A = reduction-coefficient due to the overlapping of the wind- 
ings, for an infinitely large number of slots. 

The author has published some average values for this coefficient. 
It should, preferably, be determined from existing machines. 

On the other hand, the average number of ampere-turns due to 
the direct current, /o, produced by the converter, is equal to the mean 
value. 



Dividing {h) by (a) we have the ratio of the secondary and primary 
ampere-turns: 

l_h 

4KV2K 

Whatever may be the number of phases, if the efficiency bt 
assumed equal to unity, which makes the primary and secondary 
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watts equal, the induced E.M.F., as a function of the reduction- 
coefficient due to overlapping, may be expressed thus: 


^ 27tk 

in which r==the periodic time, 
and #=the magnetic flux. 

From this, we have 

I2 

7 w \/ 2 

Substituting in (c) we have 

y_ I Ttk _nk ^ 


(d) 


(e) 


(/) 


I have shown elsewhere (see Properties of Revolving Magnetic 


Fields, Eclairage Electrique, i8q 5) that the ratio — is substantially 

K 


equal to 


We therefore have 


’ 8 ^ 2 / 3 -^^ 


32 


Hm.f of Waf/fe5$ 


Current Reaction 


Mmf of' exc/fo//orf 


This close approach of the value of 'C to unity shows that the trans- 
verse reaction is practically negligible in comparison with the direct 
reaction. Hence rotary 
converters may be treated, 
practically, as if there were 
no transverse reaction in 
them. 

If the internal losses 
are taken into account, the 
secondary (output) watts 
will be from 10 to 15 per 
cent less than the primary 
(input) watts; and the 

ratio \ will be still less near unity. Nevertheless it is found that: 

I. The direct-current E.M.F. undergoes no modification in con- 
sequence of the transverse reaction, because the brushes always remain 


Fig. I. 


176 GENERAL DIAGRAMS FOR SYNCHRONOUS MOTORS 


absolutely at the neutral point, and, consequently, only the direct 
flux is cut by the armature conductors; 

2. The alternating current E.M.F. is affected only to a slight 
extent, because the field resulting from the active current /«,, and 
from a direct current I2, which is 10 to 15 per cent weaker, consti- 
tutes only 10 to 15 per cent of the transverse reaction field of the 
direct-current armature, which field, as a rule, would not exceed half 
the direct field. But, even assuming that this resultant transverse 
field may amount to 20 per cent of the direct field, the alternating 
E.M.F. would be thereby increased only in the ratio, 

Vi + (0.20)^ 

^ ^ = X .02, 

I 

or, only about two per cent, which is negligible. We are therefore 
warranted in treating the rotary converter as a synchronous motor 
having no transverse reaction, as has been done by other authors. 
There might possibly be an exception in the case of rotary converters 
having no field-excitation; but these are used very little, and their 
theory, in any case, can be established much more easily by con- 
sidering them as transformers. 

As in the case of every alternator, the armature, in a rotary con- 
verter, is subject to magnetic leakage, that is to say a portion of the 
magnetic flux produced by the alternating currents in the armature 
winding is shunted by the air or by the armature-teeth. This leakage 
is offset in part by the leakage which the secondary current tends to 
produce, in the contrary directi m (and which offsets, especially, the 
effect of the active current); hence, the resultant leakage is much 
smaller than in a synchronous motor. Nevertheless, in order to 
make the theory general, we will suppose that this magnetic leakage 
exists; and it will be represented, as usual, by an inductance, .s*, giving 
rise to a reactance, cos. 

Factors Determining the Practical Conditions of Operations. 
It is very important to note that the operation of rotary converters 
does not depend on the characteristics of the machine only, but also 
depends on the constants of the electric supply-circuit. It is, in 
fact, the self-induction of the supply-circuit and the difference between 
its E.M.F. and the E.M.F. induced in the converter, which govern 
the ratio of reactive to active currents. 

Every active current lagging behind the E.M.F. produces a 
demagnetizing effect, whereas every reactive current leading the 
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E.M.F. produces a magnetizing effect. The variations in the condi- 
tions of the external circuit, therefore, constitute an indirect process 
for making the field-excitation of the rotary vary, though this variation 
is often contrary to what is wanted. 

I. CONDITIONS OF ELECTRIC-CURRENT SUPPLY TO ROTARY 

CONVERTERS 

From what precedes, it is important to know, quite precisely and 
quantitatively, the manner in which the reactive current varies with 
the conditions of the current-supply to the converters, especially with 


!y 



the constants of the circuit and with the impressed E.M.F. This 
question will now be discussed. 

Fundamental Diagram. We can start from the usual diagrams 
for alternators, made with two scales, one for currents, and the other 
for E.M.F.^s. 

Assuming E 2 =the secondary (D.C.) voltage at the terminals, let 
£:=0B (in Fig. 2 ) represent the primary voltage, which is siibstanlially 
j)roportional to E 2 , owing to the low internal resistance of the arma- 
ture. 

Let JS=OC=the E.M.F. of the alternator supplying current to 
the converter (or the voltage of the distribution-system, according to 
the case). Unless otherwise stated OC will be assumed constant at 
aU loads. 
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Let i?== resistance of primary circuit of converter; 

Z=6>(/- -I- / 4- reactance of same; 

Z=\/ impedance of same; 

X 

tan reactance-coefficient; 

27t , 

frequency. 

The primary circuit in this case includes the armature. The 
reactance constant X must therefore include the following: The 
reactance {o)L) of the reactance-coils connected in series with the 
converter; also the reactance (col) of the alternator and of the line 
if the current is supplied directly by an alternator, and not by a 
distribution-system; and, finally, the reactance {o)s) corresponding to 
the effect of the magnetic leakage at the armature itself. 

For each value, of the phase-angle between the E.M.F.’s E 
and £, the third side, RC, of the triangle COR, represents the resultant 
E.M.F. of E and e, which is equal to the product of the impedance Z 
by the primary alternating current 1 corresponding to and passing 
through this impedance. Constructing the triangle CBH, on BC as 
the hypothenuse, with the angle at R we will have 

BH^Xl and HC=-RI. 

In the diagrams ^ will always represent the angle of lag of the current 
behind the voltage at the terminals. 

In order that the vector BC may measure the current I itself, 
both in magnitude and in phase, it is only necessary to take, for the 
amperes, a scale which is Z times greater than for the volts, and to 
take, as the origin of phase-angles (cp), a reference line BDV, making, 
with the line OX, the angle y defined hereinabove. The angle DBC 
then measures a phase-angle (<;6), representing a lag” if it be to 
the right of BD, and a ^^lead ” if it be to the left. We therefore count 
the reactive current, 7^, as positive on the right-hand side of D and as 
negative on the left-hand side. 

If, from C (Fig, 3) a perpendicular CD be drawn to the line of 
reference RF, the segments CD and BD will measure the reactive and 
active currents for each position of C. The active current 7,^ can, 
itself, be considered as equal to the sum of two parts. One of these 
parts (/o), represented by the segment Bd^ is practically constant and 
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corresponds to the approximately constant loss produced by the 
“ no-load active current, in consequence of friction, resistance, 
hysteresis, and eddy currents. The part /o will be called the “ active 
current for zero-load.” The other part, represented by Dd, corre- 
sponds to the energy of the useful secondary current, and which is 
proportional to the said current. 



/ 


Fig. 3. 

Fundamental Equation. The fundamental equation connecting 
£, /t, and the active and reactive currents can be written directly 
from Fig. 2 . The triangle OBC gives, in fact, 

E'^==^e^~\-{Zlf- 2 e{Zl) cos (/^ 1 

\ (a) 

-£^ + (Z/)^ + 2£(-2/cos 0) J 


In this case we have 

—‘{ZI) cos 0 = projection of BC on OX 

= (j)roj. of ])roj. of DC) on OX 
= (proj. of C// + proj. of BH) on OX 
= cos y-f-ZIfi cosc/> 

=^ZIy) cos j'-i-ZId sin y. 

Substituting this value, and remembering that P = we 

have, from (a). 


E^=e^+Z^IJi-Id^) + 2sZ(Iy,cosr^Id^inr)^ . . (i) 
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We also find (from the triangle CBH, in Fig. 3), 

Z cos resistance, 

Z sin ^==X== reactance. 

Substituting these values in the last term, in (i), we have 

£2^ e^JrZ^(Id^+lJ^)^ 2 e{RI^+XId) (2) 

This equation enables the reactive current, /d, to be calculated, 
as a function of the load, i.e., of the active current because, on 
solving with respect to Z/^, we have 

ZHd^-^2B sin cos 

Solving this quadratic equation for Id> we have 

— +'^ sin^ ZH — 2 sZ/ cos j . . (3 ) 

This expression will be put into another form later. 

Application of the Diagram. Representation of Converter 
Operation with Constant Potential at Primary Terminals and at 
Brushes. If all that is desired is to maintain the potential constant 
at the terminals of the con- 
verter, the segment 0^=£ 
remains constant, and, in 
order to predetermine the 
different conditions of 
operation it is sufficient 
to let the point C, which 
defines the conditions of 
operation, describe a circle 
around O as a center, 
with the constant radius 
OC=ii. For each posi- 
tion of C the load is 
measured by dD and the 
reactive current by CD, It is thus seen, in Fig. 4, that the reactive 
current, whicn is positive for light loads (since the characteristic 
point C is to the right of the line EF), diminishes as the load 
increases from the maximum value F (secondary load alone) to zero, 
at G\ and it then changes in sign, and begins again to increase. 



Fig. 4. 
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If the supply E.M.F., E, is varied, which amounts to the same 
thing as changing the radius OC of the circle, the particular load for 
which the reactive current vanishes may be varied at will. For 
example, Fig. 5 (in which four circles of different radii are drawn), 
shows that it is possible to have the current in phase (power-factor 
equal to unity) with a certain useful load dC 2 or with zero load, instead 
of the load dG, and that it is possible even to have negative lag (or 
a leading current) at all loads, by suitable variation of the supply 
E.M.F. E. 

It is seen that in any case it is impossible to prevent the reactive 
current from varying when the load changes. Since this current 
produces a magnetizing or a demagnetizing action equal to that of 

N 

K — inductive ampere-turns, 

2 


<^/r 

I \ 



it is not possil)lc to maintain constant potential by means of constant 
excitation if the impedance of the circuit is not negligil)lc, l)Ut that 
it will be necessary to increase or decrease the excitation ampere- 
turns by an amount ec[ual and contrary to that of the ampere-turns 
of the reactive current in order that the total inducing flux may 
remain constant. (The variation of the magnetic leakage may intro- 
duce a slight com j dication, as will be seen later.) 

With a given value of if the impedance Z is varied, we see that, 
the greater its value, the larger the scale of amperes will be, and, con- 
sequently, the smaller will l^e the variation of load which corresponds 
to a given angular displacement of the vector OC. The variations 
of the active current with the load will therefore increase in propor- 
tion with the impedance. 
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If the impedance is varied by changing only the reactance, A, 
without changing the resistance, A, the result is less clearly sqen, 
because the direction of the reference line OY then changes at the 
same time as the scale of amperes. This point will be discussed later 
under the general case. 

General Case. Reactive Current Values for a Given Voltage 
Variation as a Function of the Load. In the most frequent case the 
voltage is raised slightly when the load increases, to compensate for 
the line-losses. 

In Fig. 6, let E==the E.M.F. corresponding to zero-load, and let 
jE'", etc., represent the successive values which E must have 
when the load corresponds to the active currents 7^^', 7^,", 7,^'", 


'O' o* 0 



Fig. 6. 


etc. These current-values are to be measured off on a reference-line 
BY^ starting from the point R, giving the distances BD', BD'\ BD"\ 
etc., and the E.M.F.’s are to be measured off, along the horizontal 
line BO starting from B toward the left, giving the distances BOy 
BO'y BO'^y BO'"y etc. 

From each of the “ O ” points thus determined, as a center, let 
a circular arc be drawn, with the same radius, equal to the external 
E.M.F. Ey which is a constant, assumed to be known. (In Fig. 6, 
in order to make the case more general, it is assumed that the E.M.F.’s 
may be unequal.) The respective points of intersection of the circular 
arcs with the lines dCy D'C'y J9"C", drawn perpendicular to 

the reference-line BYy give the conditions corresponding to the various 
loads. 


f 
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t The reactive currents corresponding to these loads are therefore 

entirely determined. 

It wiU be seen that there is an infinite number of possible solutions, 
according to the value taken for the constant E.M.F. E. This E.M.F. 
can be made high or low, as desired. It depends on the ratio of trans- 
formation of the static transformers used for supplying current to 
the converters. 

Moreover, the impedance Z can also be regulated, within certain 
limits, at least, by the introduction of reactance in the current supply- 
■ circuit. (It is obviously desirable to reduce the ohmic resistance to 

. the lowest possible value, to avoid lowering the efficiency.) It remains 

I to be seen what are the most suitable values for E and X. This point 

will be discussed in the next two sections. 

j Most Suitable Value of Current-Supply Voltage. This value is 

\ evidently that which gives zero-lag (unity-power-factor) for the most 

I usual or frequent load, because we then have, for that load, a minimum 

\ current-value, consequently better line-efficiency, and better “ over-all ” 

i efficiency. This condition of operation can be determined from the 

known or expected conditions of service, for the particular apparatus. 

One might be tempted, on general principles, to take the maximum 
load as the one for which the supply-voltage is to be specially adjusted, 
so as to give the best results with that load, because it is precisely 
then that it is most important to reduce the losses; but since, in 
practice, it is necessary to consider the ?nean daily heating and effi- 
ciency of the apparatus used, it is for the average or normal load, and 
not for excessive loads of momentary duration only, that the supply- 
voltage should be adjusted, with the object of obtaining unity power- 
^ factor. 

The range of voltage-regulation desired in the rotary converter 
can be obtained with more ease and precision when the point of 
maximum power-factor (“ no lag ”) corresponds to the average load. 

In fact, as will be seen later, the only converter- voltages (D.C.) which 
can be obtained exactly, by practical methods of excitation, are those 
^ corresponding to zero-lag and zero-load. 

Most Suitable Value of Reactance. It is important to note, at 
the outset, that a certain minimum reactance is necessary in order 
to obtain, with a constant (A.C.) E.M.F. E, a (D.C.) voltage which 
will increase, or even remain constant, with the load. ## 

^ Let us suppose that there is no reactance in the circuit. This 

makes y=o; the reference-line BY (Fig. 7 ), will then coincide with 
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the axis OX; and the currents corresponding to increasing loads will 
be represented by the distances J5d, BD', BD'\ etc. Let J9", for 
example, represent the normal load condition for which there is no 
lag (;"=o). The vectors Cd, C'D', which measure the corre- 

sponding reactive currents, increase extremely fast at light loads; 
and, since the scale of current-values is very small, owing to the fact 
that Z is very small, it is seen that the reactive currents at light loads 
would be very large. On the other hand, in the case represented 
by Fig. 6, owing to the fact that the load-lines are no longer perpen- 
dicular to OBy it is easy to find, with a constant E.M.F. F, and with 
small active currents, load-points, C, C', C", corresponding to points 

c?" o' (S A'W y 

< — n-n-f 





Fig. 7. 


O, O', O", which are displaced to the left, and, consequently cause 


an increase in the voltage 


at the brushes. 


It is seen, thus, that it is possible to obtain economically a voltage- 
regulation giving constant or rising voltage, as the load increases, 
only when the circuit contains a certain amount of reactance. 

This point being established, it is easy to note the inllucnce of 
reactance, by supposing that the “ no lag " condition is made to 
correspond always to the same load, i.e., to the same value of the 
active current, In fact (Fig. 8), all the load-points corresponding 
to that condition are found to be located at distances, Z/,^, from the 
point By which are proportional to the impedances Z=V'a^— 
hence, if we measure off, on OB prolonged, a distance BKy equal 
to RIw, all the points G, corresponding to different reactances A, 
will be located on the right line KP perpendicular to OK. Likewise, 
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the point of zero-load, will be on the perpendicular kd corresponding 
to a segment Bk=^Rjo, We will compare, for various cases, the values 
of the reactive current io corresponding to this no-load condition. 

This reactive current is obtained by drawing through d the right 
line dFf perpendicular to BG^ until it crosses the circle of radius E, 
In order to make this cur- 
rent-value comparable with 
BKj it is only necessary 
to reduce also the segment 
. R 

dF m the proportion — , 

which can be done by pro- 
jecting it on KG, The 
segment d^F' then meas- 
ures the value Rioy while 
Bk measures RI^,- By 
this process all the current 
values are referred to one 
and the same scale, ioy whatever may be the value of Z. On making 
the diagram anew for cases corresponding to various angles of the line 
of reference BGy it is found that the reactive current, which is very 

large for very small “ lags 
diminishes, rapidly at first, 
then more slowly. 

In order to follow more 
easily the law of variation, 
let us suppose the active 
current to vanish at zero- 
load, i.c., let us assume 
jo==o, which makes d coin- 
cident with D (Fig. lo). 
The reactive current fo is 
then proportional simply 
to the distance FIT, 

If the point G ])e raised gradually on the vertical line KG, starting 

B F 

from the point /v, the reactive current is at first equal to — - (Fig. 9), 

and it will then decrease; for example, for the point G (Fig. 10), it 
will decrease to FH, When G is very high, it is seen that an addi- 
tional rise, for example, will increase almost proportionally the 


I 
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radius E without altering materially the inclination of the segment 
BF\ Hence, if the reactance is increased beyond a certain point 
the reactive current corresponding to zero-load, will increase with it. 

This reactive current must therefore have a minimum; and to 
every value higher than this minimum there will correspond two 

reactance values, and two inclina- 
tions of the line RG, one greater, 
the other smaller. 

We can learn more about this 
minimum by calculations based on 
the fact that the same value of 
the supply-voltage E enables both 
the no-lag ^ point G and the 
“ no-load ’’ point E to be obtained. 

To make the case more general, let us suppose a condition wherein 
jo does not vanish and wherein the voltage with load, s', is different 
from the voltage s without load. We will have the two following 
relations: 

At the point G, ... (a) 

At the point P’, E2= £^-^Z^iQ^ + 2£XiQ (b) 

From these, eliminating /i, we have 

e'^-{-Z^Iw^-\-2e'RIy) — £^—Z‘^io — 2£Xio-o, ... (4) 

This is the condition required. Solving for to and then for A, 
we obtain the two following formulas: 


^0 22 ’ • • • (5) 

sio ±\ " - io") -f ^ 

A — 7 2 Y 2 ' 

i V) I'O 

In (5) the expression under the radical sign is taken with the + sign 
only, because, for each value of X, io can have only one value, which, 
necessarily, is positive. On the other hand it has been seen that X 
has two values for each value of io; hence it is necessary to retain 
both signs {±) before the expression under the radical sign, in Eq. (6). 







i 


I 

f 
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The minimum value of io could be obtained by making the derivative 
of Eq. (5) equal to zero and solving; but it is simpler to equate to 
zero the expression under the radical sign in Eq. (6), because the 
minimum value of 7*0 is evidently that below which the value of X 
would become imaginary. Hence, the positive and negative quantities 
under the radical sign must offset each other, when there is a minimum. 



Equating the quantity under the radical sign in (6) to zero, and 
simplifying with respect to — instead of we have 


Since the ohmic drop of voltage should be only a small fraction of E, 
the last term, may be neglected, and we thus obtain the 

approximate value 




I /"i2 

■t ir-» 

v^-s^+2s'Rr^ 


and the minimum value of fo- is 


iV minimum =- 


V2 + 2c';?4 


2 

'-t liT • 


Since the quantity under the radical sign in (6) practically vanishes 
for this minimum value of the expression for .Y which corresponds 
to the minimum reactive current io is, simply, by approximation, 


-Yo= 


£7*0 








i 


188 GENERAL DIAGRAMS FOR SYNCHRONOUS MOTORS 


or, substituting for io, 

si yj 

This is the most suitable reactance-value for reducing io to a min- 
imum. Inasmuch as, on the other hand, the supply-voltage required 
increases with the reactance A, and inasmuch as this voltage must 
be kept as low as possible in order to utilize the apparatus tb the greatest 
advantage (i.e., to obviate the necessity of making it too large and, 
consequently, more expensive), for the effective output, we may con- 
clude that, in general y the reactance mine should he comprised between 
zero and the value (Aq) corresponding to the minimum zero-load 
reactive current. 

Note i. — F ormulas 5, 6, 7, 8 can be put into a form which is often 
more convenient practically, by expressing the values of /q terms 
of lyy, the values of RI in terms of £, the values of e' in terms of e, 
and the values of A in terms of R. 

Let us take 

--(i + e); -a; y-=tan0; 

e £ K I y) 


cos <p being the power-factor, and m being the value of tan y. 
From these equations, we deduce 


Xly 


£ 

^ ^ w 

(VVl-fW^ 

and also the equivalent formulas: 

(7+V#) ^ ^ ^ 4 - (i + -f 2 £ + 20' ( H- f) } , (5') 


/ 2 , -f- 2 5 

tan^c/) ^^,0 + 0+ ^^^2 

<> /_ 7I~Zo. 


o:(i —tan^ (p)~ 


^ (i — tan^ xj)) I — tan^ c/) 


-I, (6') 


r -o . o (l+^)^-T-}-2a'(T+£) 

minimum of , ^2 ■ — 

(i +£r-l-2a'(r-f £) 


( 7 ') 


Ao=“'\/[(x4"£)^4-20f(iH-£)][£2-f 2£+2a:(i4’ e)]. . . (8') 


1 
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In the particular case where the voltage must be constant, we must 
have or e=o, and the expression for reduces to the simple form 




g 2a 


which gives, substantially, 


^0 


= and 


R 


— \/2c\:(i4-2a), 
a 


or, practically, 


Xo-R^‘-. 


NotE 2. — In the particular case where and tan ^=i, for- 

mulas (7) and (7') will no longer apply, and they must be replaced by 
the following formulas, deduced from Eq. (4): 


X'- 


£ io 


2£to 


X=- — -j (i + e) 

tancpL 2a 




. . . ( 7 ^) 
. . . ( 7 «') 


Regulation of Voltage at Terminals by Variation of the Supply 

E.M.F, In what precedes it has been supposed that the E.M.F. E 
of the source of current is constant at all loads. This necessitates a 
reactive current at light loads. 

It is ])ossi])le to compound or to regulate automatically the excita- 
tion of the alternator in such manner that its E.M.F. , /t, will increase 
with the load. This comj>ounding will obviate all necessity for any 
reactance; and the line of reference in the diagram can be the line 
OB prolonged, if there is no other loss of voltage than that due to 
ohmic drop. This solution is ol)viously the most perfect one, theoret- 
ically, but it cannot be realized exactly otherwise than in the excep- 
tional case where the rotary converters are sujjplied individually by 
separate alternators. It is not possible otherwise to establish a 
correlation between the load of the converters and that of the lines 
when they supply current at the same time to other apparatus. 

An approximation to this method of regulation can be made by 
supplying the converters with current through transformers whose 
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ratio of transformation is made variable by means of laps on the 
the secondary winding connected with suitable switching apparatus. 

The fundamental diagram (Fig. 12), or the formula (^), will deter- 
mine the values which should be given to E for each value of the E.M.F. 

and of the load measured off along the line BY corresponding 
to the fixed reactance of the circuit. The most suitable value for the 
reactance is, in this case, evidently, the lowest value, X==--o, when 
possible; because this value reduces to a minimum the values of the 
E.M.F. E required. Therefore, no supplementary reactance should 
be included in the circuit. Under these circumstances BY becomes 
the prolongation of OB in the diagram. 



Regulation of Voltage at Terminals by Variation of Reactance. 

It is also possible to neutralize the lag at all loads more sim{)Iy l)y kcej)- 
ing the supply E.M.F. E constant (and equal to that recjuired to 
insure the necessary voltage at the terminals with full load without 
reactive current), and then reduce this voltage at lighter loads by the 
introduction of suitable reactances in the circuit. 

Fig. 13 explains this method of regulation in the case where the 
E.M.F. E is constant; and it enables the characteristic features of this 
case to be studied. 

Let BK = RI^^ represent the loss of voltage by ohmic drof) in the 
circuit, with full load. The segment BK can serve to represent the 
acti e current. 

Let BK/ BK/' etc., represent intermediate current values; and 
let the corresponding perpendiculars AG, K'G/ K"G" be drawn. 
Their points of intersection G, G/ G", with the circle of radius E, 


GENERAL DIAGRAMS FOR SYNCHRONOUS MOTORS 191 

described around the center 0, will define the load-conditions correspond- 
ing to these currents. 

In order to obviate reactive currents it is sufficient, for each case, 
that the reactance should be adjusted to a value exactly equal to that 



which makes the reference line pass through G, This means that the 
reactance .V must be made successively equal to the following values: 


GK 

BK 


R; 


BK' 


R; 


BK" 


R] etc. 


These values of .Y can l)c calculated for each value of 7^, by the Kq. 
(a) given liercin above. From this cctuation 


+ (a) 

on substituting for Z- its value (Z"= and solving for we 
have 





s''^-2e'RJ,, 

lur 


Practically, this regulation can be worked by hand or even auto- 
matically, by making use of reactance-coils having movable cores, 
which are pushed all the way in when the load is zero, and are gradually 
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pulled out as the load increases, in such a way as to bring back to zero 
a direct-reading phase-indicator, connected at the terminals of the 
converters. 

This method is applicable whatever may be the value of E (i.e,, 
the radius of the circle); but the most suitable value is, obviously, 
the smallest value, which corresponds to 

The diagram presupposes that the locus of the point G is a circle; 
but if the E.M.F. e varies the center O of that circle is displaced and 
the locus of G is a curve, which can be drawn by points determined 
from the data. This does not, in any way, necessitate modifications 
in the method. 

Power-Factor of the Generator. In what precedes, we have seen 
the necessity of keeping down the value of the E.M.F. , e. It is cus- 
tomary to express the disadvantages of the useless increase of this 
E.M.F. by stating the value of the power-factor^ i.e., by the value of the 
cosine of the phase-angle, usually termed the “ angle of lagf between 
the E.M.F. and the current. 

Let (p denote this phase angle, and let 0 denote the phase-angle 
between e and E] and let, as before, denote the phase-angle between 
the current and the E.M.F. e. We have 

tan (/:>=-■—, 

I IW 

and this angle of lag, is always in the same direction as 0 (see Fig. 
t), i.e., in the direction of the hands of a watch (in these diagrams). 
We therefore have 


For the condition of average load, that is to say, in the cases where 
there is no lag, we have f/>=o, and, therefore, <// reduces to the same 
value as 0 itself. 

In order to increase the power-factor of the generator as much as 
possible at average loads, we should, therefore, reduce 0^ and, conse- 
quently, £, as much as possible, as already stated. It is much more 
important to do this than to reduce to zero the “ no-load ” lag between 
the current and the converter E.M.F. Therefore, the reactance used 
should have a value comprised between zero and the value which 
renders the no-load lag a minimum. This is all the more desirable 
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because the lag 0 then becomes negative at light loads, as indicated 
in Fig. 14, and the value of ^ is then a difference — which 
increases but slowly with 



It is logical to endeavor to make 0 and equal to each other, 

in such a way as to render the two extreme values of (j) as equal and as 
small as possible. 


CHAPTER II 


PREDETERMINATION OF THE FIELD-EXCITATION OF ROTARY 

CONVERTERS 

In the preceding chapter we discussed the conditions attending 
the supply of electric current to rotary converters, and, in particular, 
the effects of reactance in the supply-circuit, and the various ways 
of using it to obtain a given range of impressed voltage for a given 
range of load without exceeding a certain maximum reactive current, 
and even while making this current approach a minimum value. There 
still remains the second portion of the problem to be solved, namely, 
the determination of the field-exciting ampere-turns, due to cither the 
series or the shunt-winding coils, which enable the rotary converter to 
follow approximately this law of variation, in consequence of the effects 
of the reactive currents. 

In what follows it will be assumed that we are dealing with the 
ordinary case of a converter which is oj)erating without lag, at its average 
load, and which consequently, has, at lighter loads, a ])ositive reactive 

current flagging ^ behind the E.M.F.^ wherel)y there is ])roduced a 

magnetizing effect on the field. ^ This is the case which was discussed 
in the preceding chapter. 

Characteristic Features of the Rotary Converter. We will begin 
by considering the magnetic features of the rotary converter, which 
involve two new important elements: 

I. The excitation-curve, or the curve showing the variation of in- 
duced E.M.F. as a function of the field-exciting ampere-turns due to 
the field- windings. This curve is supposed to be known from the 
shop-tests made of the machine at the time it was finished. 

In the excitation-curve (Fig. 15) the ordinates represent the E.M.F. 's 

^ It is easy to see that any reactive current which lags behind the impressed 
E.M.F. El is leading with respect to the internal E M.F. e, since E and e arc 
practically in opposition. 
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(volts) induced, and the abscissas represent the corresponding ampere- 
turns of excitation. 

2. The equivalent magneto-motive forc^ of the armature, i.e., the 
number of ampere-turns which, if acting upon the field-cores (same as 
the ampere-turns of the regular field-winding) would produce in the 
magnetic circuit the same magnetomotive force as is produced by the 
reactive^, current Id circulating through the armature. 

These equivalent average ampere-turns can be represented, as in 
an alternator, by the expression, 


2 



in which Ihc number of peripheral ivlres of the armature-winding 
per double field (i.e., })cr magnetic c'ircuit); K being a coefficient of 
reduction which dcj)cnds upon the number of phases and of armature 
slots, and on the width of the poles; and la being the effective value 
of the reactive current. 

K is determined by calculation, by taking ampere, with 

zero-lag, and calculating the mean magnetic potential i)roduccd under 
one pole. 

The value of K can be obtained by cxj)enmental measurement, 
ddiis can be done with an approximation which is generally sufficient 
for all purposes (since the leakage-reactance, ivs, is practically negligible), 
by running the converter at normal speed by power applied mechanically, 
and then making it supply (on the A.-C. side) with normal voltage, a 
purely inductive external circuit (composed of a reactance giving a 
power-factor — cos 0 — equal, at most, to 0 . 20 ); the difference between 
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the voltage (s) at the terminals, with this load, and the voltage (e) 
obtained with open circuit, with the same excitation, is the measure, 
in volts, of the armature-reaction corresponding to the current supplied 
to the external circuit by the converter. 

Taking the values e and e thus obtained and referring them to the 
excitation-curve (Fig. 15), they will correspond to different points on 
this curve. The difference between the abscissas, A and a, correspond- 
ing to these two points will be a measure of the equivalent ampere- 
turns of the armature (neglecting, as before, the effects due to magnetic 
leakage). It is only necessary, in order to obtain K, to divide a — .4 
by the product of the effective reactive current Id measured in the above- 
mentioned experimental test, by half the number of turns of wire, 
AT' 

— , and by the constant v 2. We will have 
2 




a'-A 

2 


(16) 


Compound-Excitation. Different Factors of this Excitation. 
Rotary converters are excited by current taken from their secondary 
(D.-C.) side. The held- excitation may, obviously, be either shunt, 
series, or compound. 

Let JS2— secondary voltage at the terminals; 

72^ second ary or output current delivered by the rotary converter; 
w= number of turns of the series- winding; 
resistance of one turn of the shunt-winding. 

The shunt ampere-turns and the series ampere-turns will be, 
respectively, equal to 


E2 

7 


and nl2. 


It is these ampere turns which, conjointly with the equivalent 
ampere-turns of the armature, determine the total excitation. 

In the most general case, that of a compound-wound converter, 
the question is, therefore, quite complex, since there are three varial)le 
factors, the first of which varies with the voltage, the second with the 
output (direct) current, and the third with the reactive (alternating) 
current. 

As already seen, the secondary ampere-turns are proportional to 
the ampere-turns due to the useful primary current, 
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Let $ represent the ratio of transformation, i.e., the ratio of the 
primary E.M.F. to the secondary E.M.F. Since the armature-resistance 
is already, by hypothesis, counted once in that of the supply-circuit, 
it need not be counted again here. We can, therefore, write: 

Ampere-turns of shunt excitation, 



Ampere-turns of series-excitation/ 

= (i8) 


Ampere-turns of reactive currents, produced by the armature, 




(19) 


The magnetomotive forces are thus expressed directly in terms of the 
elements of the primary currents. This will enable the excitations for 
each load-condition to be calculated. 

If wc count as ])ositive the lagging reactive currents (which are 
magnetizing currents) the total numl)er, A, of exciting ampere-turns 
corresponding to the load-('ondition will therefore l)c 


. £ , Tthi . , 

yl-.- 4. 

\ 2 


KN' 

X 2 


. (20) 


The -f sign is jdaced l)cfore the reactive ampere-turns liccause, under 
the normal conditions of current-sui)j)ly i)reviously considered, the 
reactive current is directed to the right of i.e., it is positive an<l 
magnetizing ])ctween zero-load and norma! load, and it is demagnetiz- 
ing beyond normal load. The +sign is placed before the series am])cre- 


‘ From the relation found at tlic beginning of Chapter 1 , namely, 
tzK 

get lyj. In K(p (18), for the sake of greater ];)rcci.si<)n, 


h _ 

\ 2 


is rcplac cd by 


\ 2 

— If the armature had two dilTereiit windings, the ratio would have to 

N 

be multiplied by that of the numbers of turns of these two windings, — , 
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turns because, in general, the series- winding must work concordanlly 
(or cumulatively) with the shunt- winding, as will be seen later. 

The unknown constants, r and of the windings, are easily deter- 
mined when the E.M.F., sq for zero-load, and the E.M.F. Sm for the 
mean load (corresponding to the current Im, with zero-lag) are known. 

The excitation-curve (Fig. 15) gives the ampere-turns, 
corresponding, respectively, to the E.M.F.’s £© %• For the 

normal load- condition we will have 




(21) 


For the no-load condition we will have 


. j 


(22) 


As already seen, the value of the reactive current corresponding 
to zero-load cannot fall below a certain minimum. If a minimum 
value be assumed for this current, Eq. (22) can be used to determine 
the conductance of one turn of the shunt winding. From Eq. (22), 

solving for we have 


r 

r 


i 

£() 



KN%\ 

^ 2 ~ J 




From Eq. (21), solving for w, and substituting for ^ the value given 

r 

in Eq. (23), we have 

A„-~- \ 7 + 'A--KN'lo 

“* . (» 4 ) 

It is seen that the shunt ampere-turns, which are pr()i)()rti()nal to 

are less than the total ampere-turns Aq (on the assumption that 
£m> £0), and that they decrease when the reactive current iq increases; 
whereas the series ampere-turns, which are proportional to niln.—jo) 
increase with the reactive current io. 

Determination of Reactive Current as a Function of the Excita- 
tion, when the Active Current is Constant, then when the Power 



'I 1 
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is Constant, the Generator E.M.F, being always Constant. Let us 
suppose, as in the case of synchronous motors, that the converter is 
supplied by a constant E.M.F. E, and excited by an exciting current 
which can be regulated at will. 

The fundamental diagram (Fig. 2), combined with the preceding 
curve (Fig. 16), will enable us to find readily, for each value of the 
active current, the values of reactive current corresponding to 
each value of the excitation, expressed in ampere-turns. 

Let, for example, be the given active current, and BD the 
line of reference, which is drawn after the value of y has been obtained. 
The locus of the point C, characteristic of the load-conditions, for that 
constant value of 7^,, is the 
right line DQ, drawn per- 
pendicular to BD, at the 
distance BD^ ZI^a, whereas 
the locus of the point O the 
second end of the vector E, 
is the line OBX. 

All the load -conditions 
corresponding to the active 
current 7,^ will therefore be 
obtained by drawing, from 
the first points C, C", C"', . . 
on the first right line, circular 
an's of radius E, intersecting 
the second line at the points 

O, O', O", The segments BO, BO', BO", . . . thus formed 

measure the values of the corres])onding internal E.M.F. ’s, e, e', 
e", . . ., and the segments DC, DC', DC", . . . divided by Z, measure 
the values of the reactive current 7</. 

For each ])air of values of s and Id, thus determined, the correspond- 
ing am[)CTC-turns of excitation, A^, are obtained, from the excitation- 
curve (I'fig. 16), by subtracting the counter amj)cre-turns of the arma- 
ture from the resultant ampere turns (/I) corresi)onding to the ordinate 
(s) of this curve; wdience we have 

\ 2 



Fic. 16. 


It should be remembered that the reactive current 7j is demagnetiz- 
ing and positive if it is counted to the right of the axis BD, and that 
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it is magnetizing and negative if counted to the left. The upper sign 
applies in the first case, and the lower sign in the second case. Under 
those conditions the diagram can now be used for determining the 
locus of the points C and the variations of E, when the power is con- 
stant, if the generator E.M.F. be maintained constant as in the case 
of synchronous motors. We have in this case, simply, 


so that, for each value of 7^^,, and, consequently, for each position of the 
right line DQj the value of e, and, therefore, the position of the point 
O, are known; and, from these points, circles of radius E can be drawn, 



whose respective intersections with the right lines DQ give the C 
points required. It is possible, thus, to draw the “ V ” curves analogous 
to those of synchronous motors, and the curves of the corresponding 
values of e. But these load-conditions for constant iiower no longer 
present in the case of rotary converters the same prac'lical interest 
as in the case of synchronous motors, because the variation of e would 
be very troublesome. 

Different Values of the Excitation, with Constant Power and 
Constant Potential. V-Curves for Constant Potential. The [ire- 
ceding diagram (Figs. i 6 and 17 ) also gives the immediate solution 
of the more practical problem ^ which consists in determining the 
current-values, 7, corresponding to different excitations, with constant 

^ The case considered is, as yet, more of theoretical than of practical interest, 
because it assumes that the E.M.F. is raainlained absolutely constant, a condition 
which, as will be seen later, can be realized only approximately. In the general 
case therefore both s and E will vary. 
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power, and with the secondary voltage constant at the brushes. It is 
the same problem as the preceding one except that it is not the difference 
of potential at the terminals, but the induced E.M.F, s, which must 
be supposed constant, in this case. 

The locus of the point C is again the right line CD itself. But, 
as we have added the condition that the segment OB remains constant, 
the point O will, therefore, remain fixed (Fig. i^a). 



For each position of the point C the corresponding segment CB 
indicates the current, and OC indicates the E.M.F. required at the 
generator. Taking the IvM.F. values as aliscissas and the current 
values as ordinates, we obtain V-shaped curves (Fig. i8), which, in 



consequence ' of making £ constant, are independent of the field- 
winding and of the law of saturation. 

It is more interesting, however, to take the excitation ampere-turns 
as abscissas, as in the case of synchronous motors, without distinguish- 
ing those due to the series and the shunt windings. This amounts 
to the same thing as assuming the machine to be separately excited. 
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^ These ampere-turns are determined for each value of the alternat- 
mg current / by measuring on the diagram (Fig. 13), the correspond- 
ing segment CD, which indicates the reactive current 7^, and subtract- 
ing from this value the ampere-turns corresponding to zero-load which 
ran give the E.M.F. s and the magnetizing ampere-turns produced 
by the armature, namely, 

. (KN'\ , 

Vvr/ 


AMi 


]h, 


using the -f or the - sign according to whether 7^ is positive or 
negative, i.e., according to whether the point C be at the right or at 
the left of D, 



Taking the values of the excitation A, thus determined, as abscis.sas, 
and the corresponding values of 7 as ordinates, we obtain a V-curvc 
such as shown^ m Fig, 19, and of which the “ bend ” corres[)onds to 
the load-condition for which there is no lag of the current. If the cor- 
respondmg values of B are also plotted as ordinates, a second V-curve 
wi l be obtained, whose bend is much farther to the right, so that 
m the useful portion of the diagram, it consists only of the desr:ending 
portion of the curve. These curves would be prolonged to the left 
11 we were to consider negative excitations. 

A similar pair of V-curves wiU be obtained for each value of the 
power-output of the converter. 

seen that 

here is an inferior limit to the reactive current. It also has an upper 
limit, according to Eq. (23), namely, that value which makes the shunt- 
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excitation vanish (a negative shunt-excitation being out of the question). 
This upper limit value 

^ 0 - (24) 

must be greater than the minimum limit, unless the number of turns 
on the armature is excessive. There is no actual need of an upper 
limit to the reactive current, because the aim is to reduce it as much 
as possible, on account of the undesirable effects produced by it on 
the distribution-system, namely, its increasing the ohmic losses, and 
its necessitating a higher E.M.F. E. What should determine the 
value which is to be selected for ^0 is the condition that, between zero 
load and normal load, the normal variation of voltage (which deter- 
mines the range of effect produced by the field-excitation windings), 
should be that which is suitable for the practical purpose for which 
the machine is intended, and that which is represented by the current 
supply-characteristic which has already been defined. 

The investigation of this point is facilitated by a new diagram, 
which will now be considered, and which indicates lag characteristics 
of the converter at constant 'potential, 

Lag-Characteristics of Rotary Converters at Constant Potential. 
Let us suppose that, in some way, the potential dilTerence at the brushes 
of the converter is maintained constant. The shunt-excitation, which 
is prot)ortional to this voltage, will also remain constant; and the total 
ami)cre-turns which [)rod'.K'e this voltage will also remain constant. 
We will therefore have 

A -- constant ; Aa^ constant. 

Hence . 4 ,, -j-A constant (.4 — (2S) 

or — Ja-{A-Aa) (29) 

\ 2 \ 2 

This formula simply states that, with constant potential, the converter 
can furnish any secondary current whatever (pro])ortional to 1 u)) 
which })asses through its series-winding, owing to the automatic decrease 
of the reactive current, 7 ^, as the latter, of itself, takes the value neces- 
sary to make uj) the same total magnetomotive force A . 

The relation between Iw~jo and I a is simply linear. If, therefore, 
in Fig. 20, the load-values be represented, as previously, by distances 
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measured along the reference-line BY; 
and If the corresponding reactive currents, I,, he represented by other 
segments proportional to DC^ZI,; then the locus of the po J C a 

the end of the segment PC, is a right line, (>P, whose angular coefEdent 
With respect to the point () as a pole is 


tan 


. Tckn 

'^DQ^'k'N' ( 30 ) 

The^rkht']fnfo?‘^'^T'^'/"^^ and armature windings, 

he right line Q1 is easily drawn, in practice by determining the poiL 



weTai/ respectively, to .em-lag and r.ero-loa<I: 

^ lo — ]\) = 0 


For the ]wint B, 
For the point Q, 




(3O 





C?2) 

For each value of s there exists a value oi A~A , Thio 1 • , 

Irom lha ch^ractoistic cu™ (pT.l Jl ol.lme.l 

rr" rr^'Tr.: t 

.i»e being ,he nesietance „ average i JiTernf”!”! "" 
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Therefore, to each value of e there corresponds a right line PQ, which 
is more or less distant from the point d) hut all these right lines are 
parallel to each other, having the same angular coefficient, p, which 
depends on the windings only. The smaller the number of turns 
of the series-winding, the farther, evidently, the point <3 will be from 
the point d, on the right line BY, When there is no series-winding 
(in the case of a shunt-wound rotary converter), the right line PQ 
becomes a right line parallel to QY, drawn through P, Conversely, 
the decrease of the number of turns in the armature displaces the point 
P toward the right, on the perpendicular dP, 

Finally, increasing or decreasing the shunt ampere-turns decreases 
or increases the difference A '-Ad, and, consequently, brings the 
right line PQ nearer to or farther from the point d. This line passes 
through the point d when Ad-^A. 

Effective Characteristic of Rotary Converter under Load. 
Following the methods just described, it is easy to study, on the diagram, 


^ ^ 
X \ \ 


\ \ 'jO 

\ \ /«' 

\ \ # \ 

\ ..-f \ 

T\\ 

c/L \ ^ ^ 




O " O' 0 


s 

Fh;. 2t. 


1 


the variations of voltage at the terminals of the converter, as a function 
of its current-output. It is only necessary to reverse the ])rol)lem 
and to find the outi)ut corresponding to each voltage, within the limits 
of variation prescribed or allowed for the voltage. 

Let £, e', e", . . . rc])resent a series of values of the voltage e. Let 
these values be ret)rcscntcd, in Fig. 2 t, l)y the corresponding distances 
BO, BO\ BO". . . . From the points O, O', O", . . . let circular arc s 
be described, with a radius equal to E, if the supply E.M.F. is constant, 
or equal to E, 7i', E". . . respectively, if the supply F.,M.F, is variable. 
Let the points of intersection C, C', C", ... of these circles with the 
lag-characteristic line QP, Q'P\ Q"P". . . correspond, respectively, 
to the E.M.F, values e, P , e", .... These points will define the cor- 
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I responding current values, and of the converter, and, in particular, 

I the loads dD^ dl)\ ... If the required characteristic has already 

! been drawn by points, for the same values of £, e", . . ., the compar- 

; ison of the two curves will show at once the discrepancies between 

j the values wanted and those which the apparatus can give. 

I' The objection to this diagram is that the circles, in practice, cut the 

i QP right lines at very sharp angles, and that the points of intersection 

j are somewhat uncertain, i.e., it is difEcult to locate them accurately, 

i In order to make the comparison with greater precision by calcula- 

i tion, the value of is calculated, as a function of e, by Eqs. (2) and 

j (29'), namely, 

^ ... (2) 

I 1 

I 

i These two equations, containing two unknown quantities, 7 ,^ and h, 

enable la to be eliminated, and a solution to be obtained for in terms 
of known quantities, e being sui>posed to have been j)reviously deter- 
mined. This calculation, though a trille tedious, presents no dina'idties. 

The conditions of operation in various cases can be easily ])re- 
determined without drawing the curve accurately. Since, from what 
precedes, the angle of the PQ phase-lines deperuls on the rca t‘ve 
current to permitted at zero load, it will be a])j)arent that tlie choice 
of values for this current should be made with the idea of making the 
aclual curve agree as closely as j)ossible with the desired (uirve. d'he 
principal practical cases will be investigated from this stan(I])()int. 
i Application in the Case of Separate Excitation. Let us siii)pose, 

! at first, for the sake of greater simplicity, that the slnint-exc itatiori 

! is replaced by a separate excitation which is constant. Aa is then 

i constant. It is seen, immediately, that if no series-winding is added, 

j the converter can only give a decreasing voltage as tlie load increases, 

i The lag-characteristic for all loads is, in fact, a right line, P(), ])arallel 

I to RF (Fig. 22); and if we take, on that line, ])oints C'C'\ whose 

i distance from P increases, the circles of constant radius, A', cut the 

axis BO at points O, O', O", which come nearer to B\ hence, the volt- 
ages proportional to OB are decreasing. 

Therefore, whatever may be the reactance and the value selected 
tor the external E.M.F. R, it is not possible to maintain the voltage 
constant at the brushes on the direct-current side, with a separate excita- 
tion, and still less so with a shunt-excitation. It goes without saying 
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that the best excitation under these conditions of operation with falling 
voltage would be one which neutralizes the reactive current dP at 
all loads; but this mode of operation is not of great practical interest 
It has been proposed to use converters vnth a failing voltage-char- 
acteristic in connection with storage batteries, so as to make the batteries 
discharge when the load is heavy, and make them charge when the load 
is light. With the usual method of current-supply this mode of opera- 
tion would cause variations of to, 20 per cent, or more, in the supply 
voltage. Dr, F. B. Crocker 1 has devised an ingenious method of regulat- 
ing the supply-voltage which enables a wide range of E.M.F. regulation 
to be obtained in a rotar}^ converter, either with a falling or a rising 


r 



/ 

Fig. 22. 


characteristic, without affecting the E.'M.F. of the source of supply. 
The same result is also accomplished by the so-called ‘‘ splil-i>ole ” 
rotary converter, in another way. 

If we add a series-winding which causes the right line PQ to incline 
toward the left, the variations of £ will evidently become smaller. We 
proceed to find the condition which reduces these variations of £ to a 
minimum, i.e., which makes the converter give a substantially constant 
voltage. 

It is evidently necessary that the lag-characteristic PQ should 
coincide as far as possible, within the practical load limits, with a circular 
arc described from the point O as a center situated at the end of the 
line BO^E. Let F (23) represent the zero-load condition; let G 
represent the average load, and 3 / the maximum load. A right line 

iSeeU. S. Patents to F. B. Crocker, on “Automatic Regulation of Rectifiers 
and Rotary Converters,” No. 891,797. June 23, 190S, and No. 1,012,524, 
Dec. 19, 1911. 
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sah can be drawn which cuts the circle at two intermediate load^poinls 
ah between the extreme points F and My in such a way that this line 
will not be far distant from the circular arc of any point in its useful 
portion^ PM. The segments dP and dQy read olT from the diagram 
(by the proper scale) will determine the cunenls /o and /«, correspond- 
ing to zero-load and normal load; and Ec|s* (31) and (32) can be used 
with these values to deduce the number of constant ampere-turns, 
Ady which are necessary, and also the number of turns n of the series- 
windings. 

The slight residual differences in the E.M.F. e will l)e ohlained by 
drawing circles of radius E from every point on the riglit line PS and 



taking their intersections with tlic axis of voltages 7i(X 1’lic value of 
the icaclanrc X affects the piecision of regulation, het^ause, the greater 
the length of the arc FMy corresponding to a given vaiiation of load, 
the more difficult it is to make it coincide with a right line such as PS, 
To imi)iovc the regulation, therefore, the segment dD^/Ay^^ which 
measures the maximum load ought to be decreased to a minimum; 
and, to this end, the reactance (which is the more important factor in 
the value of Z) ought to l)e decreased to the lowest value i>ossiblc. 
However, as already seen, the reactance cannot be decreased below 
a certain value Aq without causing the zero-load reactive current /q to 
increase. It is therefore necessary to take a suitable mean value lie- 
tween Xq and zero, which will depend on the circumstances and the 
conditions of the case. In general, the more the load of the converter 
is uniform and the less often it runs without load, the more it will be 
possible to reduce 
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To ovcrcom pound the converter the right line PQ should be 
straightened more, by raising the point <3 higher on the right line BY'y 
but the principle always remains the same, namely, to draw the right 
line PQ in such a way that it shall come as close as possible, at every 
point, to the desired characteristic, which should itself ))e drawn 
first. 

Application to the General Case of Self-Excitation. In the 
genend case of self-excited converters, the solution is nearly the same, 
but it is complicated by the fact that the shunt-excitation varies with the 
direct-current voltage. Hence, instead of only one right line PQ to 
indicate the lags, there will be a scries of parallel right lines correspond- 



Fl(l. 

In the case of constant potential regulation, the meiliod of deter- 
mining tiu* ex( llalion-windings and the reaclante of the tiicull icmains 
exactly the same as given in the pieceding paiagraph, sime the shunt- 
uinding must, i)y hyi)othesis, prodme tonslant excitation, But the 
small vaiiations of have to he considered in the final calcula- 
tion of die dilfcrences of voltage due to the impel fcction of the 
regulation. 

hnr values of € lower than the noimal value, the shunl-cxcitalion 
decreases of itself and, consequently, the light line PQ comes closei 
to (ly icmaining parallel to itself. On the other hand, this line lecedes 
fioin (I whcMi £ incieascs. It is easy to see, in Fig. 24. that this elTect 
tends to increase the voliage-diffcrcnces as com pa 1 eel with these dif- 
ferences when the shunt -excitation is constant. 

When the machine is to be overcom pounded the zero-load and 
the normal load no-lag conditions determine, as licfore, the reactive 
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amperc-liirns, lor zero-load, Aq, and, therefore, the shunt and series 
windings 

Let £ and e' represent the voltage-values corresponding to these 
two load -conditions, according to the excitation -curve. The lag- 
lines corresponding to all the intermediate values are parallel, and are 
comprised between two lines which are determined by Kq. (29) when Ihe 
right-hand member is made equal to Ai—Aq and to A\ respectively. 
These lines pass through P and P' respectively. 

In order to obtain elfcclive overcompounding, i.c., to have e* > it 
is necessary that the point O should not be very far distant from P 
on the right line of reference BY, This means, simply, that it is nec- 
essary to have cither a powerful series-winding, or else a large reactive 
current with zero-load. The first of these two ways appears to be the 





Fig. 25. 


preferable one; but inasmuch as it is always desirable to increase the 
inclination of the right line BY to the right in cider to dccieasc £, it is 
necessary to resort to both plans to obtain overcompounding. 

Regulation of Supply E.M.F, by Compounding of the Generator, 
As already stated, it is possible, theoretically, to do away with the reac- 
tive current at all loads liy using, as the source of cm rent-supply for the 
converter, a suitably compounded alternator, giving an E.M.F. P, 
width increases with the load in such a way that the point C is always 
displaced on the right line of rcfeicnce BY^ while e remains constant 
or else inci eases, according to the results desired. It is interesting to 
know how the excitation should be elTccted in such a case. 

If it be required to have the direct-current voltage, £, constant, the 
excitation w'ill evidently be that of a simple shunt-winding; and its 
value is easy to determine by the condition that it must give exactly the 
voltage £, with zero-load, since there is not to be any reactive current. 
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If, on the other hand, it be required to have the voltage lise with 
the load, the excitation must be compound. The shiint-winding will 
still be such that it, alone, gives the nodoad E.M,F. £, and the series- 
winding will be such that it will produce the additional ampere-turns 
necessary to give the E.M.F. e' required with the load As already 
stated, in a case like this, it is desirable to decrease the reactance X, 
and the lag to a minimum. 

Regulation of Voltage by Varying the Reactance X in. the 
Circuit. The two windings, in this case, will be determined in the same 
way as in the preceding case, since the voltage of the alternating cur- 
rent supplied to the convertor is still regulated by outside means without 
causing lag in the current inside the machine. The excitation will 
be that produced by a sim])le shunt-winding when constant voltage 
is wanted, and that produced by a com pound- win ding, wlien a rising 
voltage is wanted. The shunt-winding will he determined by Ihe 
voltage required with no load, and the series- winding will be determined 
by the voltage required with full load. 

Possibility of Suppressing the Shunt-Winding. It is not ahso- 
lately necessary to use cither a separate exciting winding, or else a 
shunt winding, as has been supposed hitherto; ])ccause, i)y making 
the number of armature- winding turns greater and decreasing the air- 
gap, it is always jiossiblc to obtain the necessary no-load excitation, 
merely by the cITccts of the aim a lure- react ion Kijs. (21) and (22), in 
that case, reduce to the following forms: 


-yo)- Affi, 

V 2 


(21a) 


XiV' . , 

^ 2 


(22a) 


It is not possible to o])lain constant voltage or rising voltage, in 
the dircc l-(‘unent tin nil with this method any more than when a shunt- 
winding is use<l, uuilioii/ sfriiw-iaiuiiini:; i'his method has, to some 
extent, the seif-iegulating piopcitics of Iransfoimei^. but to a clcgicc 
whuli is inadequate, owing to the greater reluctance of the magnetic 
ciicuit. 

On the other hand, tlic high values which the reactive curicnts 
must then be allowed to attain have the gieat objection of causing 
increased heating of the armature by increasing the total current in 
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the armature; and also of increasing the lag of the current in the 
supply-circuit, thereby reducing the output-capacity of the generator, 
increasing the voltage drop in the line, etc. In a word, this method 
has all the faults and objections due to heavy reactive currents, in addi- 
tion lo which the commutation of the macliine is much less satisfactory, 
there being more tendency to sparking, owing to the shortened air-gap. 

This method, which was used by certain concerns, has now been 
abandoned altogether. It is referred to here merely to show the case 
with which it is possible to calculate the excitation for the conditions, 
obtaining in this case as well as in the preceding cases. This method 
has one advantage, however, that of making the satisfactory performance 
of the convertor more independent of the form of the J'l.M.F. curve of 
the generator. 

Conclusion. It has been shown, in what precedes, that the vector- 
diagram for synchronous motors, when referred to two axes, lends itself, 
as the result of natural simple extensions, to the study of the rotary 
converter and enaldcs its conditions of operation to be analyzed for 
the most varied cases. This method of analysis serves to render more 
intelligible the very complex problem involved in the voltage regula- 
tion of the rotary converter, which is, perhaps, the most com])li(alcd 
problem presented in connection with alternating-current machinery. 

The methods set forth in the preceding pages not only enable the 
phenomena to be foreseen qualitatively, but it also enables I hem to be 
calculated numerically, by combining the diagrams, or the ccjualions 
which are derived from them, with the data obtained from experiments 
or tests. 



CHAPTER IIT 


STABILITY OF OPERATION OF ROTARY CONVERTERS 

When in operation, rotary converters sometimes produce variations 
of voltage above and below their normal voltage; and they may also, 
at times spark, or even flash, at the commutator. These phenomena 
might be attril^ufcd (o changes of frequency due either to variations of 
angular velocity of the prime mover driving the alternator which 
supplies current to the converters, or else due to oscillations of its speed- 
governor. 

To eliminate these two causes of irregular operation, the follow- 
ing experiment wa^ tried: the rotary converter was driven as a motor 
by current taken from a storage battery, which also excited the shunt- 
field winding. Three-phase currents taken from the A,C. side of the 
machine were passed through a raising transformer to raise their voltage. 
The voltage was then lowered by step-down transformers and the 
energy Iran.smiiiccl through tliem was absorbed by means of three 
identical rheostats. The arrangement was equivalent, practically, 
to connecting a ihrceqfluisc inducTive resistance to the secondary of 
the Inst transformer (Fig. 26), It was then ol)scrvcd that, on increasing 
gKulually the load on tlic converter, a critical point was reached where 
its speed l)cgan to oscillate between limits which were all the farther 
ai)ait the moie tlie load was increased. 

To explain this jflicnomenon, let us note that the converter was 
sending leactive cuircnts into the circuit, and that these reactive cur- 
rents tended to weaken tlic magnetic field. Now in the case of a load 
wliuh is below a certain value(which we will term the limiting or critical 
load) the sticnglli of this 1 cacti ve current should decrease uhen the 
speed of the rotaiy converter increases, and reciprocally, it should 
incK'asc when the speed decreases. The contrary clTect should be 
produced when the load exceeds this critical load. 

To demonstrate this, let us refer to a transformer diagram of the 
kind wh it'll takes magnetic leakage into consideration. It is known 
(Fig. 27) that if OF is the axis of E.M.F.^s the end of the vector (OAf) 
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representing the strength of the primary current dcscrilDcs a semi- 
circle which cuts the axis of x at two points, A and J5, such that OA =- iuv 

represents the zero-load magnetizing current, and where 

in which vi and arc the leakage coeflicienls for the two wind- 

ViV2 

ings of the transformer. 

By hypothesis, the voltage of the source of current-supply is con- 
stant, Therefore, an increase of speed of the converter, by causing an 
increase in the frequency, will bring about a decrease of the magnetiz- 
ing current corresponding to zero-load, Wc will have a new circle, 



A^B'f whose diameter will be — ij. Hie two (inlcs vvill inlci- 

sect each other at a point A/, which is on the line diawn, from O, 
tangent to one of the circles 

It is seen, at once, on the diagram, that the riglit lino O.V, width 
re})rescnts the active current in relation to the j)rimary (uneni 0,1/, 
indicates the critical load already mentioned, In fact, for tlie value 
0/7, coi responding to a load which is lighter than the critic a! load, i.e,, 
which makes OK < OA", it is seen that the reactive current has decreased 
from the value OL to the value OAi, as the result of a spccd-incrcment 
On the conliary, for the current OP, corresponding to a load which 
is heavier than the critical load, i,e., which makes 0()> 0,V, the reat live 
current lias increased from OR to ORi. It is now easy to analyze the 
phenomena observed. 

In the first idace, when the load was lighter than the critical load 
of the machine, an inclement of speed produced a decrease of the 
reactive current, and, consequently a decrease in demagnetizing action; 
and, since the converter was running as a direct current motor, with 
constant shunt- field -excitation, its total excitation- flux was increased. 
Therefore, the E.M.F, on the D.C, side being constant, the speed of 
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the converter had to decrease, in order to maintain the same induced 
E.M.F. The converter therefore varied in speed in order to maintain 
the induced E.M.F, constant. 

In the second place, when the load was heavier than the critical 
load of the machine, an increase of reactive current was produced 
by a speed increment. Hence, there was a decrease in the total excita- 
tion flux. The speed of the motor therefore tended to increase until 
the current supplied from the battery was limited by the resistance of 
the circuits. As the armature of the converter was then in a state of 



unstable dynamic equilibrium its speed soon began to decrease, and 
thus speed- osc illations were produced. 

In practice, therefore, it is desirable that the load put on the rotary 
converter should not exceed the critical load abo\e mentioned 

Let us see, now, what can be done to raise this load-limit. We 
will use the same diagram as before (Fig 27 ). 

We see readily that what is neceissary is to increase the vector 
O.V. This may be accomplished in different ways: 

First, if the frequency is decreased, then, for a given voltage, other 
things being equal, the magnetizing current will have to be increased. 


Therefore the diameter of the circle corresponding to tfh 



will 


be increased, and, consequently, the point of contact of the line 
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which is tangent to this circle, is farther away from the axis Ox; hence 
ON is increased. 

Second, if the coeflicient of self-induction of the transformers is 
decreased, while the other quantities remain unchanged, the magnetiz- 
ing current corresponding to zero-load will increase; hence ON is 
increased. 

Third, if the magnetic leakage is decreased, then L increases, and, 

a 

consequently, the diameter of the circle also increases, causing as before 
the point M to move farther away from Ox^ and increasing ON. 

; To sum up, then, the limiting load on a rotary converter can be 
I increased: i, by diminishing the frequency of the A.C. source; 2, 
by reducing the self-induction of the transformers; 3, l)y reducing the 
!! magnetic leakage. 

These facts have been all verified experimentally. 

IL Let us now consider the rotary converter as a transformer of 
alternating into direct current. 

The rotary converter used in the previous experiments was o])eiated 
regularly at full load with the transformer connected to a suilalile 
source of alternating current supply. 

In order to regulate the voltage of the direct curient produced l>y 
the converter, an (A.C) induction-regulator having a high coelTi(ient 
of magnetic leakage was included in the primary circuit of the tians- 
former. The rotary converter then became subject to sjjccd oscilla- 
tions of long period as soon as its load was increased to half the loud 
wiiich was carried without tile induction- regulatoi. To explain this 
fact we shall show that every sjjeed-incrcmcnt of the rotary converter 
causes an increase in the difference of jiotential at its terminals. 

Let us refer again to the converter-diagram. Lei OA (Fig. 28), 
represent the difference of A.C. potential at the terminals of the con- 
\ertcr;^ OC, the supply-voUagc which, in this case, is constant; //, 
the phase-angle between these two E.M.F.^s; ADj the active current, 
including the current corresponding to friction, eddy currents, etc., 
DCf the reactive current, counted as positive on the right side of 
the axis of currents BVy and counted as negative on the left side 
thereof, 

F,very increment of speed of the converter causes a decrease of the 
angle 0 , Consequently the diagram shows that, OC being con- 
stant, the active current AD will decrease (to AD*) and the reac- 
tive current (DC) will increase (to D'C')* Moreover, as in the 
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case of synchronous motors, there appears an E M.F* which is ^ in 

2 

advance of the E.M.F. & and which is equal to But JIw 

is itself negative (being equal to AD' —DD'); therefore, this 

E.M.F. (AF) is ^ behind the E.M»F. e. This E.M,F. here tends to 
2 

diminish the increment of 7^, but it increases still more. 

The ampere-turns by which the E.M.F. e is induced are equal to 

Adi Id) in which Ad represents the ampere-turns due to the 
V 2 

constant excitation. It is seen at once, that whether the point C 
be at the right or at the left of the line of reference (BY) for current- 



values, the value of the excitation for an increment of I,i is always 

equal to .4^ + — consequently, the excitation will increase in 
\ 2 

all cases, and so will the IC M F 

The power developed at the shaft of the rotary converter, when 
in normal operation is equal to 

P=r(/..-^— )- 

When the increment of speed occurs, the increase of jx>wer developed 
at the shaft is equal to 

(sO + wL' (J I «,)/<( 

In order to have stability of operation w'e should have^P < o. 
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It is seen, from the diagram, that, at light loads, Q being then small, 
the increment of 7^^ is small in comparison with the increment of 7,^, 
whereas with heavy loads, 0 being then large, the reverse is the case, 

The deserved phenomenon can now be explained. 

If the voltage at the terminals of the converter remained constant 
the torque would decrease when the speed increases. But each increase 
of voltage causes an increase of torque. At light loads the first cfTect 
is greater than, the second 5 therefore, since the torque decreases, 
there is an automatic regulation of the speed. 

Beyond a certain load, the second elTect preponderates, and there 
is an increase in the torque. The converter therefore continues to 
gain in speed until the torque ceases increasing. It is then in a state 
of unstable equilibrium and it flicn loses speed until the torque ceases 
decreasing. 

Experiment shows that the amplitude of the spccd-oscillations 
increases rapidly with the load and that it then becomes ini|)o.ssiblc 
for the machine to operate. The oscillations can be diminished by 
taking advantage of the fact that the torque of the converter diminishes 
with its excitation. If we lake a compound excitation comprising a 
shunt-winding connected to the terminals of the converter and a series- 
winding connected differentially, it \vill be seen that whenever Iheic 
is an increase of voltage at the terminals of the converter, there will 
be an increase of the load-current. This current, acting upon ihe 
series- winding, will cause an increase in the scric.s-excitalion wliiili is 
opposed to the slninl-cxcilatioii. 1'hcrefore the total cxcilaticui will 
decrease, and the torque will also decrease These (liffcienl cflecls 
can be calculated and adjusted so as to balance or oveibalaiuc llic 
increase of torque. Actual test shows that this can be done, and that 
the converter can be made to cairy full load even when the indiulion- 
rcgulator is used, if the series-winding is reversed. It appears, llicu*- 
fore, that, in the case of a rotary converter which is transforming 
direct current into alternating current, it is desirable to have a coni- 
poiinrj winding in which the shunt and series excitations add themselves, 
or act cumulatively. 

On the other hand, a rotary converter serving to trunsfoim aUernat- 
ing current into direct current should have a com})ound winding in 
which the series and shunt excitations act differentially. 



CHAPTER IV 


OPERATION OF SEVERAL ROTARY CONVERTERS IN PARALLEL 

I^IE parallel working of rotary converters is a much more diflicult 
mailer than the parallel working of ordinary generators^ owing to the 
fact that the load has a tendency to distribute itself unequally, without 
any correcting action in the case of rotary converters. 

Any increase of speed occurring in a converter causes the alternating 
current to lead in phase with respect to the induced E.MT, This 
strengthens the magnetic field of the converter, and, consequently, 
causes the induced E M.F. to be still further increased. Therefore, 
there is a tendency to unstable operation. To avoid ihe unequal 
distributions of load in rolaiy converters which arc connected In parallel, 
they not only require careful attendance, but their design and con- 
siuiction demand much care, because the various tonvcrlcrs intended 
for parallel working should, as nearly as j)ossiblc, have the same 
armature- resistance and tlic same magnetic reluctance in ihe magnetic 
circuits of the field -magnets; in fact, the magnetic leakage and the 
magnetization curve should be substantially the same for all the 
machines 

It is often necessary to give up the attempt to com[)oiin(l ihe rotary 
converters and to use only shunt- wound rotary converters, for parallel 
working. In any case when lompound windings are used it is almost 
always ncccssaiy to adjust these ^^in(lings after the machines arc in 
|)osition, in order to make them run in balance at all loads. It is 
imderslood, of course, that an “equalizer” c(jnneclion is ne<essary 
bid ween the dilTercnt machines as in the case of all other direct- current 
com |)ound- wound dynamos conneitcd in jiaiallek 

It is more difficult still to make the conveileis run in balance when, 
instead of being coupled directly, they arc coupled through feeders 
suj)plying current to a line which is common to all of them, as, for 
instance, a section of trolley or of third -rail conductor, in electric 
railway operation. In such cases it has been found necessary to 
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reduce the voUage-drop in the feeders to a small proportion, i,c., 2 to 
3 per cent of the normal working voltage. 

INHERENT OSCILLATIONS OR PUMPING OF CONVERTERS 
CONNECTED IN PARALLEL 

Speed'Oscillations c«an be produced in rotary converters, same 
as in synchronous motors, by periodic speed -variations in the 
alternators supplying them with current, when these alternators arc 
driven by steam engines whose angular velocity varies at diiTcrent 
portions of each piston-stroke; and they may also be produced by sud- 
den changes or fluctuations of load. These spcecl-oscillaiions in 
rotary converters may even have a much greater amplitude than in 
other machines, because they are not opposed by a contrary variation 
of the torque acting upon the armature-shaft. As already slated, 
when the speed of a converter increases, its current is thrown out of 
phase and becomes leading with respect to the induced E.M.F, This 
causes the magnetic field to become stronger and the induced hLM.F., 
to rise; consequently, the secondary (direct current) output increases. 
The primary (input) power increases, however, in substantially the same 
proportion; hence, there is no other variation in the torque acting 
upon the armature shaft than that which can result from the varia- 
tions of the losses with the load; and this cITect is always quite small 
in comparison with the inertia of the armature. 

The amplitude of the oscillations may, therefore, be very large; 
sometimes it is sufficient to make the converter fall out of step ” 
More often, its efTecls are made evident by fluctuations in the (DC) 
E.M.F. of the converter*— which have amounted to as much as 30 i)er 
cent — and also by sparking at the commutator. 

The E.M.F, fluclations are easily explained by the variations of 
speed and reactive current which occur simultaneously with them. 
The sparking is due to a much more complicated action. Owing to 
the inertia of the armature, every increase in speed, causing additional 
kinetic energy to be stored in the armature-mass, makes the primary 
(input) power greater than the secondary (output) power; and every 
decrease in speed, causing the armature to lose some of the kinetic 
energy stored in its mass, produces the contraiy elTcct of making the 
secondary power greater than the primary power. 

In both cases the transverse armature-reactions produced by the 
primary and secondary active currents no longer balance each other, 
and the axis of the resultant magnetic field oscillates from one side of 
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the line (diameter) of commutation to the other; and, as the brushes 
cannot follow these oscillations, sparking occurs, just as it does in the 
case of a dynamo whose brushes are not at the right position for spark- 
less running. 

To overcome or diminish these difficulties it is desirable to avoid 
as much as possible using alternators driven by engines whose speed 
is unsteady or irregular, and to use prime movers giving a speed which 
is as uniform and constant as possible. However, speed-variations 
may be produced in the best-regulated steam engines and turbines, 
by sudden and large changes of load. For this reason it is desirable 
to apply the remedy to the converter itself, even though, in consequence., 
a small fraction of the useful energy may be lost. 

This remedy, which is quite simple, is well known since the “ damp- 
ers ” of Hu tin & Leblanc have been introduced. The principle in- 
volved is that the speed-oscillations themselves cause eddy currents 
to be produced either in the pole-pieces or else in damping circuits 
placed suita])ly around or about the pole-pieces 

A noticeable damping effect will already be obtained by merely 
making the pole-pieces of solid annealed wrought iron. The damping 
effect produced is not always sufficient, ho\vever, and as eddy currents 
are also produced in such pole-pieces in consequence of the irregularity 
of the revolving field caused by the two-phase or three-phase currents 
employed, the loss of energy due to these eddy currents is not always 
utilized in improving the stability of running of the converter 

In attempting to use laminated pole-pieces with the object of eliminat- 
ing these eddy current losses and of improving the efficiency of the 
converter, it was soon found that the stability of operation of the con- 
verter w'as, thereby, made altogether insufficient The proper stability 
was restored to the converter by placing copper or brass rings around 
the pole-pieces, or else simply by placing the field-excitation windings 
on copper spools or forms constituting a closed electric circuit around 
the field -cores and poles. 

These “ damper-circuits ” are adjusted in su( h a manner as to 
reduce as much as possible the energy-loss produced by the currents 
induced in them, wffiile at the same time obtaining the damjnng effect 
required. For example, Mr. Par shall has, in this way, adjusted the 
damping of several converters of 900 KW capacity by connecting them 
in parallel on an artificial line. Even \vhen supplied with currents 
by an alternator whose speed was irregular they operated satisfactorily 
with a loss of 3 per cent in the reactances interposed between them. 
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The loss in the damping circuits was then gradually decreased from 
3 per cent to 0.6 per cent only, without the converters falling out of 
step. Experience shows that, as a general rule, the stability of the 
converter is better when the supply^current is lagging than when it is 
leading, probably because the induced E.M.F, is higher with leading 
currents. Much belter results will be obtained, both in respect to lliQ 
damping of spccd-oscillalions and in respect to ease of starting, by 
using the Leblanc dampers in their most perfect form, namely, in the 
form of grids consisting of copper bars or rods imbedded in the pole- 
pieces (parallel to the shaft) and connected to coj)pcr plates at both 
ends, (See part I, Fig. 62.) In most cases, however, to reduce the 
cost, a simpler form of damper is used. 

USE OF ROTARY CONVERTERS FOR TRANSFORAfTNO DIRECT 
INTO ALTERNATING CURRENT 

Since rotary converters are reversible machines they can be 
employed, in certain cases, for producing alternating currents from 
direct current. 

There may be cases where a small portion of the output of a direct- 
current generating plant must be transmitted to a considerable distance. 
In such cases the power to be transmitted can be (onverted into high- 
tension three-phase alternating currents whkh, after being tiansinitled 
to the receiving end, can be utilized there as alternating cm rents (ji 
else can be reconverted into diicct cuirents. Again, in certain dired- 
current installations, it may he desirable to convert a portion of ihc 
power into three-phase alternating cun cuts for opeiating ( 01 tain 
ap])aiatus, such as, for instance, foi suj)plying indiulion-molois, in 
cases where commutaloiMnotors would not be allowable. It j.s also 
possible and it may be desirable in certain (ases to produce poly- 
phase alternating currents by means of a converter .su])plicd witli diic(t 
cunent from a storage battery. 

In such cases the characteristics and the performance of the rolaiy c on- 
verier are materially difTcrent from what they arc in the cases pioviously 
considered, being similar in all respects to those of direct (urrenl motors, 

In the first jdace the speed is not constant, but it depends upon the 
field-excitation, owing to the fact that the E.M.F. induced in the direct- 
current armature-winding must always be substantially equal to the 
E.M.F. of the source of (D.C) current, less the ohmic droj). Hence, 
when the field-excitation is made stronger the speed decreases, and 
vice versa. 
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Moreover, the armature-reactions produced by the reactive current 
produce the same efXect on the resultant total field-excitation. The 
alternating current produced by the converter, in such a case, generally 
lags behind the (A.C.) E.M.F., hence it weakens the magnetic field, 
and this, instead of causing a falling off in voltage, causes an increase 
in speed. If the A.C. circuit happens to contain a considerable amount 
of inductance^ the reactance will increase with the frequency (due to 
the increase of speed); and the lag will increase with the reactance. 
The demagnetizing effect will therefore be increased. This will cause 
a further increase of speed, a further increase of frequency, and again 
a further increase of reactance; and the consequence of this cumulative 
})rocess may be that the converter will run away ’’ or attain an excess- 
ive speed. It is therefore necessary, in such cases, to lake special 
piecautlons, even including the use of safety-devices such as automatic 
safely stops, set so as to operate to open the (D C.) supply- circuit 
whenever the converter speed exceeds a certain limit. 

This want of stability can be avoided, and the converter can be 
made to operate under synchronous conditions, as before, by simply 
connecting lo it (in parallel with its A.C. circuits), an alternator which 
is driven at constant speed by an engine or motor, and which has 
sufruicnl power to withstand any tendency lo l)e itself driven as a motor 
i)y the current produced by the converter. In that case, the alterna- 
lor legulates the frequency, and it “ sets the step for the converter, 
as it were, also furni.shing to the converter the reactive (urrent neces- 
sary to bjing hack the magnetic field lo the normal value, whatever 
miiy he the excitation due lo the field-w'indingb 

Other Special Applications of Converters. As til ready stated, 
lotaiy (onvcileis may bo used as motors foi developing mechanical 
powcM* i*(jual to a ponton of the elecliic power su])])licd to them either 
on the A.C. oi the D (\ side. In such a case, however, the active 
currents enteiing and leaving the converter will no longer balance each 
other, Ihe diffciencc l)elween the energy-values wdiich they lepresent 
being ccmvcrtect into mechanual cneigy. The “Iransveise” reactions 
no longer olfset each othei, and the healing effects aie iiurc^ased 
'This case can also be studied l)y the graphical methods ])reviously 
piesenled, l)e(ausc the diagram rej)icscnting the conditions will be 
simply intermediate between the two diagrams showm in Figs. 27 and 
28, c()ncs[)onding, respectively, to a synchremous motor and lo a 
cnnvcrtei. All that is needed is to change the lengths of the 
sc'gmcnt OB^ maicing it equal to ioL\lw-^to) instead of in 
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which IJ will represent the reactive current transformed into direct 
current. 

It is also possible to use a rotary converter as a partial generator, 
by applying mechanical power to its shaft. This mechanical power 
is added to the electric power applied to the converter from the electrical 
source (A.C. or D.C.) supplying it. The power-output of the converter, 
in such a case, will he equal to the sum of the two power-inputs less the 
conversion-losses. This case can also be discussed easily by means 
of the preceding diagram, 

There is still another case, namely, where a rotary converter is used 
entirely as a gcncralor^ for generating both alicrnaling and direct 
currents. In such a case the machine is not operating as a rotary 
converter at all, but as a double-current or “ omnibus ” dynamo. 
The machine is then a particular kind of alter na to f' and its character- 
istics should be studied as such. The reactions due to the two kinds 
of current no longer compensate, but add, themselves; hence there 
will be sparking at the brushes unless their position be shifted with 
the load; and the heating effects will be increased instead of decreased, 
as compared with the operation of the same machine as a rotary 
converter. 

Phase-Converters* Instead of making a rotary converter produce 
direct current when supplied v^ith three-phase current, it could be 
made to suijj)ly two-phase alternating current. The reactions occurring 
in such a machine would be very interesting, because they would I)c 
much more complicated than in the case of ordinary rotary converters. 
In fact, the (two-phase) cunents generated l)y the machine would 
no longer have a definite, fixed, phase-relation witli the IC.TvI F., as in 
the case of the direct current, but they would liavc a lag uhic'h would 
vary with the reactance in the external circuit. 

It could again be seen easily, by the same reasoning as before, that 
since the ])owcr a p [died to the machine, and the power delivered by 
it have nearly the same values, the transverse reactions clue to the 
active current nuisl practically offset or balance each other, leaving 
only the direct reactions due to the reactive cunents. 'Phe latter can 
be evaluated scj)aralely and we can thus obtain, for each value of the 
power output and of the lag in the secondary circuit, the resultant 
magnetomotive force produced by the reaction of the armature on the 
magnetic circuit. 



CHAPTER V 


VOLTAGE RATIO IN SYNCHRONOUS CONVERTERS WITH SPECIAL 
REFERENCE TO THE SPLIT-POLE CONVERTER 

R6sum6 of paper by C A. Adams, Proc. A.I.EX., June, 1908 


The author of this paper shows how the ratio of the D.C. to 
the A.C. voltage of a synchronous converter may be varied by 
means of the split pole, without introducing seriously large harmonics 
into the counter E.M.F. and current. Incidentally a new method 
is employed for calculating the E.M.F. between adjacent commu- 
tator brushes — the hriish E,M,F , — ^and the corresponding E AI.F, 
between collector rings — the tap EILF , — for any given flux dis- 
tribution. 

The elementary E M.F. induced in a single conductor cutting 
through the gap-flux at constant speed is proportional to the den>ity 
of the flux, and when plotted, will obviously have the same i^hape as 
that of the gap-flux curve. It may be expressed thus: 


sin a)/+^o3 sin sin 50)/+. 

-\-qam sin ;w(i)fH-etc 

qi,i cos i^t+qb^ cos 3i.>/+^/)5 cos 501/+. 


-\-qbm cos who/-}- etc. 


(i) 


where w = 2tji and n is the fundamental frequency. 

The brush voltage which is proportional to the area of the / curve 
between brushes, is 


2 

X 

or 

Edc = El[l + 4^03+ + etc ] .... (3) 


where N is the number of conductors in series between brushes 
The tap E.M.F. is the geometrical sum of the E.M.F. 's of the 
several coils connected in series between taps. The E.M F. of each 
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coil is in turn the geometrical sum of the E.M.F.^s of its two sides, 
which E.M.F.^s may or may not be in phase according to whether or 
not the coil pitch is equal to the pole pitch. The fundamental 
E.M.F/s of the two sides of each coil will diller in phase by the 
deficiency in coil pitch measured in electrical degrees, and the funda- 
mental E.M.F.^s of the coil sides in two adjacent slots will differ in 
phase by the electrical angular pitch of the slots. In each case the 
phase difference between the wth harmonics is m times that between 
the fundamentals. 

In calculating the tap E.M.F, the author introduces the “ differ- 
ential factor,” the ratio of the resultant or geometrical sum to the 
arithmetrical sum of the various E.M.F.'s. 

Let slots per pole, and the number of belt spans per 
electrical circumference (/=2 for diametral connection and 3 for 


three-phase delta or six-phase double della); then ~-=the phase 
difference between the fundamental E.M.F.’s of two adjacent slots, 
— — the phase difference between the corresponding mlh harmonics 


and — slots per belt. The total phase rotation (or combined 

phase displacement) of the wth harmonic in all the slots of the belt 
will be 


m% 2N9V _ 2 m% 


and the resultant of the wth harmonics is proj)ortional to 

2 sin By the same constant a single wUh harmonic is proport ional 

to 2 sin and the arithmetical sum of the wlh harmonics is 

p 

2N$p,, . ntx 

— 7-X2 sm 

/ 2Nsp 


The differential factor for the mth harmonic of the bell E.M.F,; 
or the beli-dijfcrenlial factor for the mih harmonic is then 


h ^ P' 


sin 


vi% 

p' 


sin 


m% * 
2Nsv 


■ . (4) 



VOLTAGE EATIO IN SYNCHIIONOUS OONVEllTEBS 227 


and that for the fundamental 




sin 


X 

2NtiP 


(s) 


The ratio is the relative reduction of the ;;/th harmonic 

by bclL-difTcrcntial action; it may conveniently be called the hcU- 
reduction factor ^ and is 


1 

f^nn — 1 
kii 


. , X 

, Sin sin -rr- 


. X . vn 
sm-7 sin-^ 
/)' 2Ntv 


( 6 ) 


The first part of knny namely, is independent of Nsv and is 

. X 

sin ^ 

equal to t, except for ;«-3, 9 or 15, when it is zero for and 

2 for p' — 6, 

Tlic following tabic gives the value of the second part of krmt 
which is equal to krm except foi the cases above citecL 
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As km is in most cases much less than one, it aijpears that llic 
harmonics are much more reduced by tlie belt-differential action than 
is the fundamental. 
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In the case of a fractional pilch or shorl-chord winding, there is a 
phase difference between the E.M.F.^s in the two sides of each coil, 
or in the ordinary two layer winding, this same phase difference 
exists between the E.M.F.^s of the two belts or groups of coil sides, 
which together make up one circuit between taps. This introduces 
another reduction of the resultant E,M.F, If Xc is the coil pitch in 
terms of full pitch, the pitch dijjferential Jaclor between the two belts 

is, for the fundamental (see Fig, 29), OJ 5 ( 0 / 1 + 07 i):== sin jX^,, 

and for the mlh. harmonic is sin — Xe. The ratio of the latter to the 

2 

former will be designated the pitch reduction factor for the ^nth har- 
monic; it is 



, X*. 

sin m~Kc 

^ t-cnl. of will liarmonic in fnictiona i pitch wifuling 

, per cent, of «;lh harmonic in full pitch winding 

Sin -Xc 
2 


(7) 


This is plotted in Fig, 30 for various pitches and haimonics 
(signs disregarded). 

If the phase belt begins and ends in the niiddlc or within a coil 
01 slot bundle, theie is a still farther reduction of the resultant 
E,]\I,F. The comspowding /factional slot reduction factor is 


k&m — 


COS (for half-slot connection). 


m% ^ w/x 

cos— j^-rCOSr^f 
2Ns7j (SNsp 


COS 


in% 


(for a one-third or a two- 
thirds slot connection), 

m% (for a one-fourth or a three- 
fourths slot connection). 


. (8) 
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The final ratio of the per cent wth harmonic in the phase E*M.F. 
to the per cent m\h harmonic in the flux distribution curve is 


• * wx , % 

sin — Kc sin —T sm — ^ 

ktn ™ X km X km ~ X X X , • (o) 

X. . % , WX ^ 

Sin -Afl Sin -7 sm 

2 p' 2N8V 


It remains to consider the phases of the harmonics in the resultant 
E.M.F. 

The total phase rotation of the fundamental is and the phase 



Fio. JO 


of the fundamental of the lesultant IhM.F. with 1 aspect to the 
fundamental of slot No. i is 




The total phase rotation of the with harmonic is 

P 

Lcl w= nearest whole number less than and Wv= nearest whole 

P 

number less than — • Then the equivalent phase rotation of the 
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wth harmonic is oy , and the phase of the wth harmonic of 

the resultant E.M.F. with respect to the wth harmonic of slot No. i 
is, in wRh harmonic radians, 


(m \ / m 

am=1t| T?— 0) )— ul —vz Ws 

\p’ J \2N>p 



Fig. 31. 

Thus in passing from the slot E.M.F. to the resultant K.M.F., 
the relative phase of tire wlh harmonic with respect to the funda- 
mental is changed by an amount (in «Rh harmonic radians), 

Pm = am— fmi = — 'rc(a)— (i)«). 


P is therefore always a multiple of it. Moreover, oti is practically 
.ahv.iys zero. Therefore, Pm is zero when w is even and it when ( 1 ) 
is odd, i.e., the wth harmonic can only be reversed and not other- 
wise changed in phase from the slot E.M.F. In order to see this 
relation more clearly, consider an infinite number of slots, and 
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designate the angle of belt span by The belt reduction factor 
is then 


1 . fwd) . . (j) 
= “Sin --5- sin 


m 


T-sm 


(lo) 


which is plotted in Fig, 31 for different values of the belt span ( 4 )) 
and for several harmonics. The reversal of the various harmonics 
with the change in belt span is here shown clearly* 


Tap Voltage 

For this purpose Eq. (i) may be written: 

e' = a\[qi sin (wZ+OO+^a sin (3WZ+03) 

+^ 6 sin ( 5 (i>Z+ 66 )+. . , qm sin (;M(i)Z+ 0 m)+etc.] 

where 


qm 


~\/qanc+qbm^ and Om=tan ^ 


dm 


ill) 


The wth harmonic in the tap E.M.F. is then 
krnqrn sin («/(!)/+ 0 m+'::(o). 

The amplitude of the fundamental is 

Oti-Rdl 

where kai may be taken as equal to ^ sin y the limiting value of 
Eq (5), as Xap approaches infinity. Then 

aii = -A^oi?isin^=<fi£i sin^, ... . (i^) 

% P P 
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and the complete lap voltage is 


et-q\E\ sin j,[^\n uil+hqs sin (3(o/+03+xa)) 

+ /<?rj(7f) sin (5(t)/+06H-x(i))+clc.] . (13) 

The root mean square tap voltage is then 
V 2 P 

and the ratio of brush to tap voltage h 

J{ V. (j + k«3+ fig«6+jr<7fl7+Clc^^^ . ) / N 

(7i sin ^ i+feW+feV+ZeyW+^i'C^ 


or 


7C„=-V^7Q, 


(?i sin 




when 


7^ ~t~ ■W°3 i g“3*l~ etc.) 

^ V I+yt3^(73^+/^5W+*7^<77^+CtC. 


(l^O 


0 ?) 


Three-p/vut Polk 


With a normal flux distribution, or with a three-part pole sym- 
metrical distortion, the are xero, qi—i and qm = (/«m. The denomi- 
nator of Kq is nearly unity, always a little grealei. The numciator 
may clifTer considerably from unity on eithci side, accouling as the 
f//s are positive or negative, slightly less than unity for undistorted 
flux distribution. Thus K^t will be slightly less than as given by the 
usual approximate formula. Any variation in the qa$, due to a sym- 
metrical distortion, causes a variation in the voltage ratio, but also 
in the harmonics of the tap E.M.F.’s, 

The relation between these two changes is shown in Fig. 32 for 
the 1 80*^ E.M.F., and for the third, seventh, eleventh, and seventeenth 
harmonics, each being taken separately. 



VOLTAGE RATIO IN SYNCHRONOUS CONVERTERS 23^ 


In order to change the relative voltage ratio from i to .9 by third 
harmonic control, involves a 10 per cent third harmonic in the 
diametral lap E.M.F*, which corresponds to about 30 per cent third 
harmonic in flux distribution curve. To make the same change by 
seventeenth harmonic control, involves a 12 per cent seventeenth 



Fid. 32 . 


harmonic in diametral tap E.M.F., and a seventeenth luumonic in 


X2 


the flux distribution curve of 7 — per cent. Foi twenty slots per 

A?fl7 

pole, this would mean a 150 per cent seventeenth flux harmonic. A 
coml)ination of harmonics produces about the same result us a single 
one of the same total per cent magnitude. 
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The use of fractional pitch windings and fractional-slot connec- 
tions, will reduce some of the harmonics; but as commutation limits 
the pitch reduction to a comparatively small range, only the higher 
harmonics are affected. 

If the voltage ratio could be under control by a pure third har- 
monic in the flux distribution curve, the resulting third harmonic in 
the phase E.M.F. could be eliminated from the lino voltage by con- 
necting the transformer primaries in star. 


Two-part Pole 

This gives unsymmetrical distortion, and a lateral shifting of the 
flux distribution curve; i.e., the qi,’s are no longer zero, particularly 



5M. Thus qi = is no longer unity, and Kht is changed by q\ 

as well as by Kg. If these changes are in the same direction, tlie 
harmonics in the tap E.M.F. will be obviously less for a given dis- 
tortion. 

In an actual machine for which the flux distribution curve is 
shown in Fig. 33, the voltage was 

Eoc k" 3 -|-k" 5 +ctc.) _ Vz .. /"Vn Arr- 

^',800 Vi I- 29 S 1 016 ^ 

less than two-thirds of the ratio for a sinusoidal flux distribution 
curve, and just about two-thirds of that for a normal undistorted 
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field. The total harmonics were 21.6 per cent in the 180® E.M.F., 
and only 7.2 per cent in the 120® E.M.F., which are considerably 
less than is possible with a three-part pole. Moreover, it is quite 
possible that a more careful design of the pole faces might result in 
a farther reduction in the harmonics of the tap E.M.F/s. Fractional 
pitch winding and fractional slot connections, would reduce them 
still slightly farther. 
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CHAPTER I 

METHODS OF CALCULATION OF THE ARMATURE REACTIONS 
(DIRECT AND TRANSVERSE) OF ALTERNATORS ^ 

The author here proposes to explain and complete the theory of 
two armature reactions/' which was enunciated by him several 
years ago,^ and which has recently been adopted, with slight niodi- 
ficalions, by M. Rey,^ M. R, V, Picou/ and M. Guilbcrl/* in Frame; 
Professor Arnold^ in Geimany; and Mr. Heidt^ and Messrs. IIoi)art 
and Punga^ in the United States, The notable authority of all these 

^ A paper by Prof Andrd Blondel, Ecole dc^ Ponh Chaus^es, presen led 
before the Inter national Electrical Congress at St, Louis, in 1904. Reprinted 
from the Transactions, Vol. I, pp. 635--668. 

the empirical theory of allernalois, ”VJnIuslrte JilecirlquCf Nov. 
and 25, 1899, This is the firs I publication in which the reaction in alternators 
was analyzed, and possesses undisputable priority o\er all those which are meii' 
tioned below on the subject of the I wo rcaclions, 

* M. Key. Rapports^ International Congress of Electricians, 1900 

* M. R V. Picou. Bulletin de la Socicte IiUcrnationak dcs Elcciricicns 
July, 1902. 

^ C. F. Guilbert, Rclairage Eledrtque^ March 7 and 14 and April, 1903, and 
L(i R&vue Technique^ June, 1903. 

* Arnold. Rlek, Zeit , 1902, page 250. Arnold, as pointed out farther on, 
has reduced the generality of the method, in contradistinction to the other authors 
menlionctl, 

’ L A. Herdt Trans, Amer. Inst, lU, Eng,^ May, 1902, and Eclairage Elec^ 
irique, February 14, 1903. 

* Hobart and Punga. Trans, Amer, Inst, El, Eng , April 22, 1904. 
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authors in the matter of dynamo-machine construction has made me 
read their communications with great interest, and as I have observed 
that in certain cases my own view has not been well understood, I 
consider it desirable to present certain supplementary considerations 
to make this theory still more simple and to complete it finally, At the 
outset it should be pointed out that my diagram should not be con- 
sidered as belonging to the category of E,M,F. but rather to that 
of ampere-turn diagiams. The two classes arc often equivalent, because 
it one commences with E.M.F/s one proceeds with fluxes, and ends 
necessarily with ampere-turns. But I desire to reduce to a minimum 
tlic complication of considerations relative to the saturation of field- 
magnets, of which I fear the difficulties have been needlessly exaggerated, 
In what follows I will refer first, very briefly, to the essential 
points of my method of 1899 , and I will show in what points it has 
been improved, or is susceptible of improvement. 

Part I. Diagram of Opkration. 

Principles of the Theory of Two Reactions. I have long been sur- 
prised that polyphase alternators and direct-current machines have 
not been treated from the point of view of reaction, since these 
phenomena arc fundamentally of absolutely the same cider, since 
tlic depluising aliernaling current jiroduccs effects of the same older 
as the clis|fiacing of the brushes in a direct-curient dynamo. It is 
known that in the latter (asc the displacement causes a diicet magnetic 
icaction to he developed, whilst in the neutral position iheie is only 
a transverse icaction. By similar reasoning as to the automatic 
clepliasing of alternating cui rents and of the pro))erty which polyphase 
cunents jiossess of being detomj^osablc into active and leatlive com- 
jionenls, 1 have liecn led to the following proposition: 

When Gfi allrrnaior snp plies a current de phased by an angle (j* with 
respect to the internal induced KM.F ^ the armafure reaction may be 
considered as I he resultant 0 / a direct reaction produced by the leacthe 
currenlXsin and a iransvcisc reaction due to the active cm rent / cos 0, 
In uddilion to the aliovc, the stray magnetic fields must be taken 
into account. 'I hese are pioportionale to the currents and in jihase 
with them. We will consider them later on. 

The second fundamental proposition of this theory is the follow- 
ing: 

The two reactions {direct and transverse) and the stray jinx take 
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place in three different magnetic paths', only the direct reaction acts in 
the main circuit of tire field magnets, while the transverse reaction and 
the stray fields act, in general, upon circuits of low magnetic density. 

The conclusion which I have drawn from the above is that, in 
general, the direct reaction should be expressed as a counter M.M.F.; 
that is to say, by a number of ampere-turns equivalent to the demag- 
netizing eilecl of the armature.^ The total armature M.M.F. per 
complete magnetic circuit or per pair of poles is 

2 

where -K is a coefficient of reduction and N the armature conductors 
per pair of poles, I have formally given for asynchronous motors a 
practical value which is approximately the same for ultcrnators, viz.: 




k being the coefficient of reduction which appears in the formula of 
E.M.F, written under the form 


is- 


kojN<l>Xio 


-8 


2 V ''2 


Here N is the number of peripheral conductors for one phase and w the 
velocity of pulsation. It is the direct reaction which ])n)(liucs, almost 
entirely, the variation of terminal voltage. As to tlie transvcise re.u- 
tion and the reaction of stray fields, with the assumption that tlie 
armature is unsaturated, as I assumed and as (lui!l>eit also 
assumes, they may he expressed simply by the coclTicienls of scif- 
induciion I and s. 

More recently I have indicated ^ that the transverse reaction could 
also easily be expressed in ampere -turns. 

The analysis of the phenomena taking j)hue in the alternator leads 
therefore to a new proposition, formulated in my ai ikies of 1899. 

' No nolicc is here taken of one of the cases considered hy tlie autlior in rHgg, 
namely, that in wliich all tlie machine is well below saturation, because it is only 
susceptible of very rare applications; moreover, it has been treated with more 
detail by M. Jean Rey in a very interesting communication presented to the 
Congress of 1900, in which the reader will find an interesting example of a cal- 
culation of reactive coefiTicicnts in a machine actually built by this method, which 
has since been followed by various authors. 

* "Theory of Synchronous Motors," Vol. I, Paris, Gaulhicrs-Villars, 1900. 
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The dephasing tp of the current is regulated entirely by the numerical 
value oj the transverse reaction^ which, on the contrary, has little effect 
upon the EM,F. 

This proposition has been demonstrated in the case of unsatu- 
rated armatures, as I have just stated, but it is general and remains 
in effect even in the case where the circuit of the transverse reaction 
approaches saturation* The demonstration of this will be given below. 

Diagram of E,M[.Fds and Currents of an Alternator with Hnsat- 
urated Armature and with Saturated Field Magnet. The diagram 
in Fig. 1 1 reproduces Fig. 5 of my first paper, supplemented by the 



definitions of f'ig. 2. / represents tlie apparent resistance, that is 

to say, the ohmic resistant e augmented by the effects due to Foucault 
cuiients, (j) is the dilTeieiue of phase in the external circuit, and </> 
is the different c of phase with respect to the internal K.M.F, It is 
proposed to cakulalc the excitation ncccssaiy to develop an F. 
U at the terminals under a currcnUlelivery I dei)hasc(l by c/j. VVe 
have OP- Pf and t^A^U, with the angle APa^(j) 

Let OT be the direction, as ycl unknown, of the niternal K.M.F. 
e\ the i)erpendiciilai AB let fall from A upon OT is the sum of the 
transverse leaction, 

AG—ioll OCXS 

' The subscrif)! w iiulicaLos the active or energy eomponciil and the bub- 
scrij)t d the reactive or quadrature reactive com[)oncnt. 
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(where I is the transverse self -inductance and the speed of 

pulsation); and of a part of the stray field reaction — 

GB— ojsl cos 

wheie s is the self-induction of the stray fields. 

The segment GD perpendicular to / represents the E.M.F. of 
reaction of the stray fields, ml^ and the cegment 

ml sin (/« = ml a 

represents the second component of the stray-field reaction; thus in 
OD is obtained the value of the ciTcctive E.M.F. e, which should be 
obtained by the resultant excitation. 

The value of the angle ij) is determined by expressing simply the 
relations between the elements of the figure. Let us analyze the 
broken line OPAB into components upon OB^ and BA\ whcnco 


and 


e—pl cos 0+ f// sin — 
(u{l + s)I sin 0 — //sin (/f+U sin {</•—(/}) 

siiif/>+ aj(/+^)/ 

. U LOS if+r’I ' ‘ 


Tile angle of real dephasing <(' is llnis dcicrmincci solely l)y a 
knowledge of the transverse reaction. This equation, which was 
given by the author in 1899, is evidently equivalent to the following 
construction. 

From the point A a perpendicular AH is drawn to the direction 
of the current 7, and a segment AF is drawn upon this line equal 
to wsl', then a .segment FT=wir, finally the point 0 is joined to 
the jioint T, and thus is obtained the angle ^ and the position of llic 
required vector OD representing the total effective E.M.F. e. 'J'o 
determine the necessary ampere-turns for the production of this E.M.F., 
it is only necessary to employ the ojicn circuit characteristic or 
saturation curve of the alternator. 

' The segment BT intercepted by OT will evidently be equal to 
DT= oill sin msl sin </>. 
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Diagram of Ampere-Turns in the Case of Unsaturated Armature. 
The consideration of ampere-turns does not need to appear in the 
method, as is evident in the case of an unsaturated armature, until 
after having traced the diagram of E.M.F.'s. The excitation ampere- 
turns are drawn, if desired, along the direction of the vector OC, 
in order to facilitate certain comparisons; but the calculation of ampere^ 
turns is no longer in this method a vectorial, geometric calculation, but 
a scalar calculation, and may be made upon the saturation curve as 
calculated or observed, which represents the induced E.M.F. (or the 
useful flux traversing the armature) as a function of the total ampere- 
turns applied on the field magnets. 

Their determination is based on the following facts: 

(i) The reactive counter-ampere- turns of the armature are pro- 
portional to the number of peripheral conductors on the armature per 

pair of poles, A^2 j which supply a number of turns equal to — ; but 

2 

these turns do not act in unison, partly because they belong to different 
phases, and partly because they are not in the same slots For this 
reason it is necessary to apply a reduction-coefficient K The effect- 
ive reactive current I2 sin ^ thus gives rise to an M M F. exactly 
opposite to that of the field magnets, and having for its magnitude 
in counter-ampere-turns 


CAT= 


A'A^2/2sinvH 2 


KXjIj 
" VI ‘ 


(2) These counter ampere-turns act, on the one hand, upon the 
circuit common to the field magnets and the armature, and on the 
other hand, upon the circuit of the arma- ^ 
ture and of the stray magnetic fields. This | Field 
may be represented diagrammatically as in 
Fig. 3, in \shich the full lines ABCDEF \ |t 

represent the principal magnetic circuit with 
its two M.M.F/s acting in the opposite 

directions N\Ii and and the dotted 

V 2 

lines AD AD indicate the stray circuits in 
which the lines of force escape, either be- 
tween the teeth of tne armature /2 or between Fio. 3. 

the polar horns h. In reality the stray fields 

fi of the field magnet are not concentrated along any single path, but 


Field leakage A 


D 

^ Air Gap 

A lArmatuttr le D 

l it 
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arc spread out more or less over the entire length of the principal 
circuit up to its entrance into the armature turns. This fact is, how- 
ever, unimportant, as has recently been shown by M, Guilbert (see 
Edairage Rlecirlque^ December, 1903). 

(3) The self-inductancc of the armature is produced by the stray 
fields /2, supposedly attributed to the clTeet of the armature. If we 
call JRh the reluctance of the circuit of the stray fields /2, and R^^ the 
reluctance of the armature, the stray field produced by the armature 
across itself, is expressed in practical units being the number of 
peripheral conductors per pair of poles), 

. f KN^h ^ 2 sin 0 o. 27 cKN 2 h '^ 2 sin ^ 

I “iwrny- i 

assuming that \vc can neglect Ra with respect to 7 ?/,, and thus pro- 
duce an E,M.F, 

7 ? _ hN2(i)Xo*'i7:KN2hi 

It results from this that the E.M.F. of self-induction that we have 
called ojsla can be considered as produced simply by a stray lie Id 
/2, which is added to the stray field of the field magnets 

Upon the saturation curve XM (Fig. 2) dermed as above, the 
point b which corresponds to the F.M.F. OB (Fig. i), represents the 
W necessary to force the useful flux through the field magnets into 
the armature. Adding to the flux 0 ^ the stray field of the armaliue 
/2, there is olilained the virtual E.M.F. OD — Cy corresponding lo 
the total flux emanating from the poles into the air-gap, the cone- 
spondiug abscissa XQ' represents the necessary field- win ding am j)e re- 
turns without taking into accoiml the increase JJ^ of the 

stray field fi of the field magnet. 

(4) The stray field of the field magnets /j is inversely pro[)or^ 
tional lo the reluctance of the stray path A/, between the poles ajid 
directly to the dilTerence of magnetic potential between the ])oIes. 
This latter is formed of two parts; one part is the drop of mag- 
netic potential necessary to force the flux through the ai mature and 
air-gap, the other part, the reactive counter-ampere-lurns of the 
armature calculated as above. 

(5) Every increase in the ampere-turns of the field magnet increases 



THE ARMATUEE REACTIONS OF ALTERNATORS 243 


the stray flux /] of the field magnet, in a manner sensibly proportional 
to the increase of the ampere-turns of tlie field. If, therefore, the 
field-magnet ampere-turns are increased by 

vT 

KN^Ia—, 

2 


in order to compensate for the countcr-ampcrc-turns, CAT^ of the 
armature, the stray flux fi produced by the field magnet following 
the circuit BA DC would be increased by a quantity, 


0,2nKN2hl\^2 


. , {CAT) 

. approximately ^o.47u — ^ — , 

^ V I 1 


Ri being the reluctance of the field magnet. 

This increase of the flux through the field magnet increases the 
magnetic density in the latter and demands consequently a correction, 
as I pointed out in 1899, without tracing it in detail. At that lime 
I conducted the inquiry simply as follows, supposing the r6Ie of the 
field magnets to be suflicicnlly unimportant to permit aiiproximatc 
correction being applied. 

Let Bi be llic flux density in the field magnet, coi responding to 
the no-load K.M,F. that is to say, to the flux ^ind let us 

call the Iloiikinson coeflicient q'hc full-load induction 

0(1 

will 1)0 




</>«+/l 


«. . -I-. 


o..)icfCVl 7 ') 


- 7 L 




^'/I i<Pn +/l ) 

^CAT)/^ _ 

.V| / 1 (f/)„ -I-/ 1 ) 


approximately 






^'1 


and (on8e(|ucntly the total ampcrc-turns will i>c increased by the 
(|U an lily by which the change from to 7 i|' increases the ampere- 
tiuns (wliicJi we shall call Nili) specially absorbed by the icku- 
laiue of the field magnets in the condition considcied. The point 
d' upon the tiuvc will lie in consequence displaced LowMnI I he left by 
the (|uanLity corresponding to this increase of ampere- tin ns. 

Starting from the ])oint ()' duly corrected, it is suflicient to lake 
a length representing the ampere- turns equal to CA T of the armature 
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in order to obtain the total necessary ampere-turns Fig, 4 

shows how the diagrams of E.M.F/s and of ampere-turns may be 
united upon a single sheet. 

The preceding reasoning may be summed up in the following 
simple equations, employing ordinary language: 

The fall of magnetic potential in the armature and air gap is a 
function of the flux utilized in the armature ^a+thc armature stray 
flux/2. 

The magnetic dilYercnce of potential between the pole picccs=the 
fall of magnetic potential in the armature and air-gap -h the reactive 
counter ampere-turns of the armature, 



The magnetic stray field between the magnets /i-fJ/i = a function 
of the dilTercnce of potential of the pole pieces. 

The total stray magnetic fluxes=lhe fluxes /i+J/i + the stray 

fields /2=/, [l +/2. 

The total flux in the field magnct = thc useful IluxH-thc flux of 

the total stray flcld=<'/i^+/i j^i + 

The total ampere-turns of the field magnet— the difference of 
magnetic potential belAvcen the pole pieces + the total drop of potential 
in the field magnet corresponding to Ifie total flux== the (all of potential 
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in the armature + the back ampere-turns of the armature +thc fall 
of potential in the air-gap-kthc fall of potential in the field magnets 
corresponding to the total flux. 

When the allcnialor is imsaturatcd or but slightly saturated, this 
latter fall of potential corresponding to the totfil flux may be admitted 
proportional to the flux -h/a+^/'i 

= (fA, +/i ) +o.47t(CAT) . 

Thus the flux J/i plays a part entirely similar to the flux /2, and it 
may therefore be united with the latter in the coeflicient of self- 
induction of the ai mature. It must, however, be remarked that 
the flux 4 /i only follows the magnetic circuit to the point of emer- 
gence of the flux from the field magnets, and only absorbs consequently 
A’ 

the fraction of tiic ampere-turns which would be necessary 

total 

to make it traverse tiic entire magnetic circuit. The virtual self- 
induction s which may be advantageously assumed will then have 
an ajjproximatc expression 




and this sliould he employed in the determination of the segment 
Bf\ as ai)ove. 

In ordci to get tlu* total necessary field-magnet ampere-turns 
A'b/i", it is no longer necessary to add any excitation upon the 
lield magnets except the ampeie-turns neulrali/ang those of the 
A A’ 2/, A 2 

aimatuie . I he total umpeie-lurns A() aie thus ob- 

tained, If the armatuie cunent were suddenly siippiessed, an I'.KF.K. 
E would a])peai in the aimatuie on open ciicuit, which is that 

ajipcaiing with (he same notation in Fig 2, 

'File same (’oiislriu lion may seive reciprocally to caUuale the 
fall of ])(>kMitial piodiued in an alternator having the excitation 
foi the reaclivc oi wattless cunent J,i in the armatuie. 

Remark No. i, Upon the Case of an Unsaturated Armature. 
When the armature and the i)olc pieces aic not saturated, the diagram 
of IC.M.F.^s (Fig 1) is also a diagram of the Ilux, to a diffcicnt scale, 
if care be taken to divide the values of the FFM.F.^s by the coefficient 
kio M 2 
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Similarly, having given the magnetic reluctances sensibly con- 
stant for the direct flux of the armature and for the transverse flux 
(excluding the field magnet core), the same diagram may also present 
to a suitable scale the M.M.F/s proportional to the flux, multiplied 
by the reluctance of the armature, of the air-gap, and of the pole 
pieces respectively. In that case, OA represents the necessary ampere- 
turns to force the flux through the said reluctances. OB is the part 
of this M.M.F. furnished by the field magnets; AB the part furnished 




by the armatuio; BD the supplement necessitated by the stray fields 
of the armature.^ DF represents the ampere -turns of distortion 

Z)i?= function of 

V2 


Calling Kt a coefTicicnl of distortion, or of transverse reaction, anal- 
ogous to the coeflicient K of the direct reaction, and /, (the function) 

* And evenlually by the supplementary stray fields Jf, in the particular case 
indicated above, where the effect of the stray field from the field magnets is 
referred to a supplementary term of the armature stray fields. 
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the relation which connects the ampere*turns to be produced by the 
field'magnet with those utilized in the armature, we have similarly 

Fr- function of — . 

V 2 

The total ampcrc4urns necessary to the emergence of the flux from 
the field magnets will be determined as al)ovc (Fig. 4); let 
represent the magnitude equal to to the scale of the new 

figure; the distance OQ will evidently represent the ampere-turns 
absorbed by the field alone; it is this length OQ whicli would in 
general be corrected by taking account of the stray field J/\. The 
method of correcting the stray fields indicated above may be em- 
ployed; we uill give further on another more nearly accurate — already 
suggested, moreover, by MM, Picon and Ouilbcrt,^ 

Remark No. 2, upon the Subject of Diagram No. i. It is to 
be observed that following the res])cctive values of the reactive coeflfi- 
cients, both direct and transverse, the point C, the cxticmily of the 
available E M.F. on open circuit, may be cither above or below T. 

With an alternator of unsatuiatcd field magnets, the two reactions 
have coefficients nearly equal, and C may then coincide with when 
they are ccjual. Ordinarily, the coefficient of distortion, Kt, tends [v 
be reduced, as we shall sec, by a reduction in the breadth of the poles, 
while the coeiTicienl K has the opposite lendenty. It results from 
this that C tends to be above T. But the satuiation of the field magnets 
lowers it the more as the saturation is greater, Ijciausc this latter 
augments hut slightly the supplemenlaiy ampejo- turns necessary to 
compensate foi those of the anna line, but gieatly diminishes the 
variation of the voltage between open ciuuit and full load. C is, 
theiefme, in geneial below 7', as ie))iosenlecl in the diagiams. 

'File same condition may be found even with saturation, willi 
certain types of alieinalors, such for evimplc as that \\liiih was exhib- 
ited in u;oo, in Paris, by the Him Sauller-Harld 1'his machine, 
developed along a plan, formally patented l)y Piofessor F 'riioinson, 
of an iron lotor (indue lui alternaloi), has a single armature, two 
exciting field-windings, and a yoke closing the magnetic ciicuit tlirougli 

‘ The diagram of Uic present figure is anidogous to a diagram recently pul>- 
Ikhed by M l‘h {hiill)ert {hi cti,), it dilTers, however, m that the line FK is 
c\ pressed as a function of the Locfi'jcieiU A'^ instead of the coefTicient AT, and 
lluit the expression of dc phasing (J) is thus presented as a function of the Oinperc' 
turns. 
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the shaft of the field magnet. It presents a supplementary air-gap of 
considerable reluctance around the shaft, and tliis air-gap is traversed 
only by the direct reaction. The coeiBcient of direct reaction is 
therefore rendered smaller than that of the transverse reaction, and 
if the supplementary stray fields J/i, analyzed above, are not exag- 
gerated, C will remain below T, 

Those theoretical diagrams are not, therefore, liable to criticism 
which show C below T, To propose placing C always on T, as 



Fig. 7. 

Professor Arnold has donc,^ is contrary to the purpose of Ihi.s method, 
namely, the calculation of the effects of saturation and of distortion 
accoiding to rational principles. 

The Case of a Saturated Armature. (Fig. 7,) The theory 
of two reactions permits also of treating the case of a salinated ai ma- 
ture, by employing with the total characteristic, the characteristic of 
the armature alone (comprising the armature, air-gap, and pole pieces), 


Arnold, Elek. ZetLt 1902, page 250. 
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already employed moreover by MM. Bauch, Potier, Guilbert, and 
Picou, 

For greater clearness of explanation I shall represent the char- 
acteristics upon the same diagram, but, in practice, they would be 
drawn upon separate figures. The curves are referred to the E.M.F’s. 
as common abscissae, and the ordinates of the two curves represent 
respectively the ampere-turns for the passage of a given flux (cor- 
responding to the E.M.F.) in the magnetic circuit, with or without 
the field magnets. The diiTcrcncc of the ordinates equals then the 
ampere -turns absorbed by the field magnet alone, in the absence of 
stray magnetic fields. 

Tliis assumed, we shall then construct, according to custom ,the 
diagram of E.M.F.'s by adding to the voltage U at the terminals the 
internal drop then the loss. by stray magnetic fields AF. We 
thus obtain tlic IC.M.F. OF jiroduccd in the armature. We find upon 
the characteristic of the armature the ampere- turns OF^ corresponding 
to this E.M.F., and we lay them o(T on OF* in the direction of OF. 

Wc may then observe that the distortion may be determined t)y 
the comparison of the ampere-turns of distoition with the useful 
ampere-turns in that part of the machine which docs not include the 
lield-magncls; because, in the tiansverse reaction, tlic reluctance of 
tlic |>olc pieces may be neglected in relation to that of the cnirefer 
and of the armaliuc (especially that of the teeth), and consc(|uently 
ailiii>ute to the j)ath of this leaction the same reluctance as in the \}alh 
of the useful flux outside the field magnets. I'hc determination of the 
angle 0 (Fig. i) will then be Iransfoimcd into simply replacing the 
self-indm taiice by the M.M F.’s ap(>lied to the armature. The am pci c- 


K jV*i/ 

turns F'7’ -- * will be laid off in the direction jjcipendicuhir to 

\ 2 

7, and OT is joined; then fiom F' the peipcndicular F'D is dropped, 
which will l)e ectual to the ampcrc-tuins of distortion 


V 2 


The line OD will then represent the ampere-turns to he supplied by 
tiie field -magnets at the point of emergence, the lemaindor DF* being 
furnished by tiie ai mature itself. 

It remains to determine the total field -magnet ampere-turns corre- 
sponding thereto, taking into account the reluctance of the stray flux 
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of the field magnets, properly so called. For this purpose it suffices 
to seek upon the characteristic of the armature the corresponding 
E.M.F. db=e\ the ordinate Qb corresponding to this abscissa c upon 
the curve of the ai mature measures the necessary ampere- turns to 
be produced between the poles, the necessary stray-fields /a included. 
We add thereto the ampere-turns equilibrating the direct reaction of 
the armature, that is to say, 

; KN2ld 
bq = —^—. 

V2 

The ordinate Qq represents tlic difference of potential (subject to the 
factor o.47r) necessary between the poles of the field magnet, From 
this may be deduced the value of the stray field /i between the pole 
pieces, which may be presented, for example, as a function of the 
magnetic dilTerence of potential along the curve XP^ which is sensibly 
a straight line; Pp will then represent the stray field J\. 

If, starting from i, a segment hC be drawn representing Pp 
(measured to the same scale as the flux db corresponding to the 
E.M.F. c), and through C wc draw the straight line Cm ])arallol to 
OPy the latter will contain between the two characteristics a segment 
mn which will represent the fall of magnetic potential in the field 
magnets under the influence of the total flux dC, total 

necessary M.M.F. will thus be equal to OP-\-wfL 

The diagram is thus established, taking into account the stray 
field both of the field magnet and of the armature. It is distinguished 
from those of Potici,^ Rothert,^ and Bauch,'* because it takes into 
account the transverse reaction with its real value; it takes ac count 
of the difference between the two coeflicieiUs of icaction K and A’/ 
and is thus distinguished from the diagram of M (RiilboiL'* for uiisat- 
urated field magnets; it finally differs in diagrammatic consliuclion 
from the very ingenious diagram of the same author for saluialed 
field magnets in the fact that it docs not separate tlie air-gaj) fnan 
the armature, and is also much more simple. 

Summing up, the em])loymeiit of the diagram in Fig. 4 is to be 
recommended for the case in which there is no apj)rccial)lc satuiaCioii 
either in the armature or in the field. In all other cases it seems 

1 Poticr, Eclairage Electrtque, July 26, U)02, 

2 A Rothert, Eick ZeH,^ 1899 

3 Bauch, Rick. Zetl , 1902, 

1 M, Guilbert, Revue Technique ^ April and May, 1904, 
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preferable to employ the diagram Fig. 7, winch lends itself better to 
determining the difTercnl elements without complications. 

If it is desired to solve the inverse problem^ that is, to determine 
the fall of potential under constant excitation as a function of the 
load, the preceding diagrams do not give a direct solution, but it is 
easy to employ them for an indirect solution, particularly in assuming 
constant the external dephasing 0, and taking successively clilTcrent 
values of the reactive current; tor each value of la the preceding 
construction will be followed in the opposite direction, and thus will 
be obtained the voltage at the terminals, the values of 0 and of 
Thus may be traced a curve of voltage u as a function of /<;, and of / 
which is obtained therefrom. It is only necessary to seek upon this 
curve the point corresponding to the conditions leqiiircd and the 
dephasing angle. 

The problem is solved no longer for a single point, l)ut along a 
complete curve, which is also comparatively easy. 

Local Corrections of the Air-gap Due to Saturation (Second 
Approximation). The diagram Fig. 7 is established l)y supposing that 
the reactions act m bloc^ and arc icprescntcd by coefiicicnls. The same 
is true of the diagram Fig. 1. But if it l^c desired to follow the lealily 
somewhat closer, it is well, once the diagram is determined by the 
aid of the toetTicieiU K (the cakulatiou of which is ex[)lainecl later), 
to calculate upon the di awing the llux-dcnsity of the resulting field 
at oath point along the aii-gap, by the aid of magnetit potential 
(Uives (to be explained later) and of the local reluctance In i)ar- 
lidilar, if the teeth of the ainiaUue are satuialcd, they develoj) marked 
variations of the leluctance per unit of suifacc along the air-gap, and 
the l1ux Cidciilaled according to a mean value of lehulame may be 
sensildy modined thereby I’liis is the case not only foi tlie tians- 
verse reaction, as has already been lemaikcd by ceilain authors, I nil 
also for the direct reaction, which slmuld not be set aside in this 
correction. The effect of this latter is to leduce the resullanl Ilux 
'J'he curve of the diagiam is, in fact, a solution of the first ajjproxi- 
malion ncccvssaiy in order to determine the dephasing of the values 
of the a( tive cunenls fiom the rcai live cui rents. Aftei these values 
have Ijcon ol>tained, a second approximation may l)e arrived at 
Ijy tracing the nux-densities from point to point foi determining the 
real flux In general, however, the jjrecision of the calculations is 
not sufliciently great to proc'ced upon this correction unless ample 
time may be affoided for the study. 
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Case of Field Magnets with Divided Windings. In certain machines, 
particularly turbo-alternators, circular field magnets are found in 
which the windings aie carried along the air-gaj} in slots like those 
of the armature, The preceding diagrams (Figs, i to 7) apply like- 
wise to these machines only on the condition of assuming the two 
coeflicicnls of reaction equal even when the field magnet is entirely 
divided into slots. Moreover, the field-magnet winding must be 
alTcctcd by a coefficient of ampere-turns /Ci, reducing them to KiN^Ii 
(with /Cl - 0,4 to 0.5 in completely uniform windings), and by the 
Hopkinson coefficient which is calculated like the stray field of a 
slot in an asynchonoiis motor. All the other coefficients are calculated 
as in the ordinary case, by supposing the breadth of the reactive flux 
equal to that of the field-magnet poles. This method has given me 
satisfactory results in practice for this type of machines. 

Part II. Calculation 01? C'onstants. 

Practical Calculation of Reactions, In oidei to aj)ply the diagrams, 
the coefficients s, /, Kt and K must be determined (/ and Ki are of 
course only two expressions of one and the same cocfTiciont). The 
stray coefficient is dctei mined by known methods frequently indicated 
for asynchronous motors, and they need not, iherefoic, be alluded 
to here. For K and A’/, I liavc employed for several years the most 
diiect method, which consists in determining for the same machine 
cuivcs of distiibution of magnetic ])oleniial, and of the II ux in the 
aiugap, assuming that the atmature is tiavcised by a known current 
oitliei acli\c or icactivc, Py taking into account the jiosilioii of 
the pole pieces in these two cases, and their form, as well as 
that of the slots, the icac lions may be detei mined with sufikicni 
piccision. 

Let us consider, for example, the case of three-phase (’ui rents: 
the three phases occupy in a double field six slots, or gioups of slots, 
and at the jaissagc of each slot, the magnetic potential along the 
enlrefcr undergoes a sudden positive or negative inciease equal to 

. N 

0.47: multiplied by the number of ampere-turns — contained in the 

() 

slot, It suffices to maik olT on a straight line, ieprc.senting the 
development of the circumference of the armature, lengths equal to 
the distance between the axes of the slots, and on successive ordinates, 
the variations of the magnetic potential thus calculated. The horizontal 
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mean line of the curve so obtained is then traced, which indicates 
the zero of magnetic potential. The fluxes will be at every point 
proportional to the oidinatc of the curve fiom the zero point, and 
inversely proportional to the reluctance per unit of surface correspond- 
ing to the abscissa considered. For simplicity, the reluctance may first 
be assumed constant, and account is only taken of its variations in 
order to arrive at a definite correction for a second approximation. 
To simplify the calculation, there is attributed to the maximum ampli- 
tude of the polyphase currents an arbitrary value /q, and it is supposed 
that the currents follow a sinsuoidal law. Since the form of the curves 
is reproduced for every one-sixth of a period in the three-phase cur- 
rents (or for one-fourth of a period in two-phase currents), it sufliccs 
to study them during such an interval, and then to outline the extreme 
forms. 



PftbOt 




injhii.^^a-4 lit \U 
i-jj, V3“ 
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Let us take, for examjde, a thicc-i)hase maihine with six slots in 
the field, each containing iV/6 wires, calling N the total numla’r of 
peripifral wires jier doulilc field (Fig. 8). The notenliul jirodum! 
i)y eadi is 0.27: (^V/6)/, tailing I the tuncnl whiih tiaverses the 
winding, and it sufiucs to tonstiuct the (Uive of /, to whidi that of 
the jiotentials should tie piopoitional. We take two jiositions; one 

for which the current is ;/// in the slots t and 4 and ctjuals A) 

in the oOicrs; the othci position foi whidi the cunent is cctual to /(> 
in the slots i and 4 and ci[Ual to (1/2) A) in the othcis. Ttie curves 
projjortional to the potential thus obtained arc rcspettively rejircsonled 
in Figs. 8 and 9, On these figures arc acklcd in position and in 
magnitude the outlines of the field-magnel jiolcs in the two jiositions; 
in full lines the position corresponding to the watt current, that is to 
say, a pole axis coinciding with the middle of the curve of potential; 
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and in dotted lines the position corresponding to the reactive current, 
that is to say, the axis of the pole facing the zero of the curve. 

The reaction is then deduced from the figure l)y determining the 
mean useful ordinate of the curve. Theoretically this ordinate would 
be obtained by evaluating the area of the shaded curve situated in 
front of the pole, and dividing this by the breadth of the pole; h\xi 
the result so obtained is not practically useful, because it takCvS no 
account of the expansion of the lines of force, which greatly broadens 
the HuXj particularly as the air..gap is made larger and the angles 
of the pole pieces are more rounded. To determine the direct reaction, 
one must take instead of the breadth of the pole, the brcadtli of the 
field-magnet flux which issues from it; and to determine the mean 
ordinate in this breadth. A similar determination is made for the 
transverse reaction. It must be observed that the (lux which forms 



1«, plnRO 
phUAll 

ilnl, 


it is established not only under the poles, but also aroinul tlicm, 
although with a lesser density. Consequently, this flux (Xdijnes 
a greater breadth in which the mean leaction should l)e determined. 
There is, therefore, a large individual liability to enor In the ajjjne- 
cialion of these reactions, and this should give prefcreiue to the eoin- 
plcle method of operation heie ind Rated fin the employment of 
llieorcticul coefiicicnLs, which do not take account of the special con- 
ditions in each machine. If the hicadth of the IKix is ecjiial, foi e.xamjile, 




to the pitch, Figs. 8 and 9 show the mean ordinates 

and J/o for the direct reaction, and similaily foi the tiansveise 
reaction. The values give those of the eoenkients A and A) them- 
selves, if the ampere-turns obtained are eoin])uie(l with the ampere-Liniis 
which would be obtained with the three bobbins united in a single 
pair of slots and traversed by a current /q. T'he curve of potential 

2N/ ^ V 1 . . . . The ratio gives the coefli- 


gives 


cient K 


= i(iyi)=o. 

3 \3 2 / 


N 

instead of — /0X3. 


384. 
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Thus the coeflidents K and Ki are obtained simply by taking J 
of the mean ordinates. For two-phase currents, one would similarly 
lake that is to say, unity. 

If instead of one slot per phase, there were several, n for example, 
the mean ordinate would be first divided by n. 

In this manner, the following figures would be obtained: 

Table IV 

EMPIRICAL COEFFICIENTS 


Tlircc-phasc winding, with three separate coils per pair of poles. 


Ratio -y- of the brcntiih 

of flux to that of polar 
pitch 

CollPPlClHNT I< (DiIIKCT) 

COKPPICIBMT K, (T1IAN.S- 
VBRSJl). 

Pos 1 

Po‘» a 

Mean. 

Po» I 

Po9 a 

Mean. 

1 

0 , 3 Rs 

0 

0 419 

0 38s 

0 .444 

0.419 

i • 

O 577 

0 500 

0.538 

0.288 

0.333 

0 310 

i 

O 577 

0 SS 5 

0 i;6() 

0 192 

0‘333 

0 2625 


In pi adit c an allernaior is rarely found where the (lux occu))ics 
loss than iwo-lhiids of the piuh, and besides in this case a winding of 
twelve liobbins with six short slots sliould lie taken, in my opinion, 
instead of the oidinaiy winding, as will be mentioned further on. 

'I'he cocflitieiUs ol stdf-incku lion / and T, toi responding to the 
two leadions, arc det luted fiom the values of K and Ki by evaluating 
the eoiies[>onding Iluxes anti the K M F.\s which they induce in the 
windings themselves by means of the oidinaiy formulas. Fiom this, 
tailing /vj the winding fat toi, the mean value of /which takes at count 
t)f the 1 eduction, by cl istii billion of the wires, in the K M.F, pro- 
duced in the winding by a sinusoidal llux,^ 



‘ See in parlicular the cocfTicicnls in iny aljovc-nicnlioned analysis of the 
ro luting magnetic fields, Lcliiiro^c hleclnque^ 
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q being the number of phases (here 3), Rt and the reluctances of 
the transverse and direct circuits respectively.^ 

These reluctances are determined from the drawing of the 
machine, taking into account the real path of the lines of force and 
the saturation of the parts through which they pass, particularly the 
teeth of the armature, the polar horns, the cores, the yokes of the 
field -magnets, etc. 

If, instead of alternate poles, the machine carries poles of the 
same name (liomopolar inductor), K and Ki may again ))c determined 
by the preceding methods, drawing only one inductor^polc for two 
poles of the armature. It results from this that theoretically the 
reactions would give rise to coefficients 50 per cent less than in the 
ordinary case. In practice, however, this is far from lieing the case, 
because of the very consideral>le expansion of tlie (lux of the arma- 
ture in the large spaces existing between the field-magnet poles. 
The direct flux reaction and particularly the transverse reaction is, 
therefore, much larger than if they were produced only hy the action 
of the poles; so that finally the reactions arc scarcely rediu’cd mojc 
than 25 per cent. The stray fields are, moreover, very large in this 
type of machine, and every expansion of the field -magnet flux bc7ond 
the bieadth of the pilch produces a huitful inverse ICM.P. The 
incluciion-density in the air-gap should finally be doiililcd at least, 
to produce the same useful flux on open circuit. From all lire aljove 
it follows that liomopolar machines arc of little advantage ami are 
almost a1ian cloned. 

T\) completely lake into account the practical values of ihe 
cocfficienls, we shall consider again the case of Ihiee- phase machines 
with six coils ]ier field, first concentrated into one pair of slots per 
coil, and then spi-oad uniformly (or to a large number of slots each) 
in order to occupy the entire circumference of the armature. 

Figs. II and 12 represent the curves of magnetic potential 
olitaincd in the two hypothetical cases with long bobbins disposed 
as shown cliagrammalically in the figure. The two curves cone- 
spond to the same hypothesis as above for currents, and 'Fable IT 
represents the separate mean values obtained for K and from 
these curves. 

* In unsaliuatcd alleniators, if one calls the isingle air-gap, the polar surface, 
and d the coenkient of enlargement of the flux, the cciuaiion (s approximately 

obtained . 

Ra 
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But a winding with six coils may also be realized symmetrically 
following the plan of Fig. i6, from which two new curves i6a and 166 
are obtained* The table also indicates the value of the coeHicients 
thereby deduced* 

TABI.E V 

EMPIRICAL COEFFICIENTS 


Three-phase winding wilh three separate coils per pair of poles. 


Ratio 4- 
4 

K, 

/w. 

P03 I 

Pos 7 

Mean 

Pos 1, 

Pns 3 

Mean 


■ I, , , . . . . 

0.38s 

0 389 

0.387 


0 389 

0 387 

Long coils 

§••• 

0 50s 

0.500 

0,5025 


0 291 

0 2(jl5 


ii. 

0-S71 

0-5SS 

0 566 

0 T92 

0 222 

0.207 


' I , . , . 

0.2886 

0 2777 

0 283 

0.2886 

0 2777 

0 283 

Short coils ^ 

1 .. 

0.360 

0-375 

0.3675 

0 216 

0.208 

0 2 12 



0 38s 

O' ‘144 

0 415 

0 

0 III 

0 152 


Taiilk VI 

EMPIRICAL COEFFICIENTS 

Three-phase distributed winding, or 6 long (oils [)er pah of poles 


Ratio breadth of 

K, 1 

/w 

flux to polar pitch 

1 Pos I 

Pos 7 

Mean 

l»OS J 

Pf)s 2 

an 

i 

0 

00 

0.389 

0.387 

0 3«5 

0 3H9 

1 0 3H7 

?■ 

0.505 

0 500 

0 5025 

0 2886 

0 2(;I6 

0 2 CQ 


0 555 

o. 5 .|i 

0 547 

0 216 

0 236 

0 23^1 


Here again it is seen that the direct reactions increase while the 
transverse reactions diminish when the breadth of the flux (larger 
than the pole) diminishes. It is moreover determined that the reac- 
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Table VII 

EMPIRICAL COEFFICIENTS 


Thrcc-pliBiD winding with 6 short distributed coils per double field, 


Ratio -i 

A'. 

Ki, 

Pos I 

Po*i, a 

Monn. 

Pos. I. 

Pos a. 

Mean 

i 

0.289 

0.277 

0.283 

0.289 j 

0 277 

0,283 

«. . . 

0 . 360 1 

0 37 S 

0.367s 

0 216 

0 3o8 

0 .213 

J. • 

° 

0.444 

o.,ii.)S 

0.192 

0.137 

0.16.1S 


lions are markedly reduced l)y Uie employment of short coils. But 
it may be readily shown that with a sinsuoidal field-magnet fiux of a 
breadth equal to the pitch, the K.M.F. induced in the winding is 
reduced ap])roximalely in the same ratio. In fact, the mean breadth 
of the shell l)ol)bins, Fig. i6, is \ of the pitch, while the mean breadth 



Fig. 16. 

of the long bolduns, Fig. lo, is i the pitch. The straddling arrange- 
ment of coils in ing. lo involves only the coefTicieiiL of rcdutlion 

0.966, while the arrangement of Fig. i6 reduces the 
2 

1’, M.b' in the same ratio as the Ilux linkage, that is lo say, by 

tlic cocITicicnl A-^sin . T’he two E.M.F.’s are then in tlic ratio 

4 2 

E short bobbins 0.707 

_ - ^”^—0,73. 

/i long bobbins 0.966 


260 


METHODS OF CALCULATION 


But the ratio of the coefficients K and Kt of the two windings gives 
approximately the same figure. It is to be observed in this connection 



Fig. 



Fio. 



Fig. i6(;. 


that for tile case of a flux having a lircadlh equal to the i^olar pitch, 
the cocfTicient K is substantially equal for these two windings, that 

is, to k of each winding multiplied by ) which veriOes the general 
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law formerly announced and which is alluded to above. ^ Hence it 
follows that the fluxes produced by multiple-coil windings differ but 
little from the mean value of the theoretical fluxes, and approach the 
more nearly as the sections are the more numerous, and also as the 
local variations or fluctuations of the curves between the extreme 
forms I and 2 of the appended figures are damped out by the Foucault 
currents of the neighboring pole pieces. The energy expended in 
these Foucault currents, being supplied l:)y the armature, is represented 
by an augmentation of its apparent resistance r'. 

The reactions of two-phase armatures would be found in a similar 
manner, and it will not be necessary to reproduce them more in detail. 
Moreover, two-phase machines arc more and more becoming sup- 
planted by three-phase, and the latter present reactions of much 
smaller flucluaiions and a bettor utilization of materials, just as ihrcc- 
]}hase motors are superior, from this standpoint, to two-phase motors. 

Comparison with Theoretical Coefficients. The theoretical coeffi- 
cients aic easy to establish in the case where a sinusoidal flux is 
assumed and the harmonics arc suppressed.^ It is then demonstrated 
that the magnetic potential produced by a |)olypliaso winding of q 
jihases is indepeiKlenl of the number of phases and depends only upon 
the total number of wires N per doulde field, and that it is repre- 
sented by a sinusoid whose amplitude is 2A'^/o. The mean potential 

2 

in the aii-gap is therefore —2iV/()ancltheequivalcnlmcanmagncTo- 
moiivo forte producing the readivc Ilux on closed circuit 

TT \k j 2 

that is to say, (.1/7:)^ of the magnetomotive fouc which will give llic 
same luins if they (oimide in j)osiiion and jfliasc. In llii.s case the 
sinusoid of potential (Fig. 17) is entiiely used and the diieei reaction 
is piopoilional to the mean ordinate of tlie area and the tians- 

veise I eat lion to that of the aiea If, on the contrary, 

‘ In .’lUeinaloi-* wilh dislntiiilftl windings (Figs 12 and jt;), the fhcignuns 
nf windings to iiml m res [let lively tnav lie etn[ilo\e<l 1)V assuming llial each cod 
is replaced hy a /one of wires otLUpvnig along ihc aiugap a breatlih of [\ of 
tile lield, of \ of the juihir pilch, and having .is median line the old outline of 
the single bold an which it replaces, 

* See niy above-mentioned memoir of iStjo upon “Rotating ^[agnct^c Melds,” 
see td^o Arnold and la ('our’s “ \'oraii9bercchnung dcr I-dn und Mehrphaaen- 
stromgoncnuoren.” Stuttgart, 1901, 
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the reactive flux only occupies a part d of the pitch instead of J, as indi- 
cated by the doited intersecting lines in the figure, the reactions will be 
proportional to the mean ordinates of the areas 12345 fu^d 67-B89 
respectively, limited to the breadth of the flux (which may be dilTercnl 
moreover for the transverse flux from what it is for the direct flux. 
By integrating the area of the sinusoid from on to 54 one finds 


_ ^ . J , /n S\ 2 j 

Ordinate of area 12345--^ sin ( ^ ^ I X— 

Ordinate of area 67B89=^j^i— cos^^ j 



The coeflicients which apply to the ampere-turns, resulting from 
a restriction of the flux, arc then respectively for K and Kt 

and have the following values for example (not including k) 

d / 2 \ *^ 

for ^=1.232; ^=0.817 from which K-i,2^2{~\ k 


a 


forj=§; c= 1.299; ^<=0'7S 


forj^i; ^=1414; ^<=0.586 


/fj“0.8i7 

S,-o,,5(1)'4 


i^^I.414 
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Table VIII 

THEORETICAL COEFFICIENTS 
Winding with three coils per pair of poles. 


Rntto -j 

Srparatk Coils 

Distribltbo Coils 

K, 

Kt. 

K 

Kt. 



o 

0 

0.405 

0-3859 

0.3859 

3 

0,526 

0 304 

0 

0 

0.2897 

i ■ ■ 

0.572 

0.237 

0 544 

0 2257 


Table IX 

THEORETICAL COEFFICIENTS 
Winding with 6 coils. 


Ralio j 

Separate Coils | 

1 

Distriblteo Coils 

1 

K 

Kt 

K ^ K, 



0 301 

0 301 

0 3850 0 3859 

I ong coils. -i 

3 

1 

0 508 

0 203 

0 501 ,0 2897 


li 

0 5 S«’ 

0 228 

' 0 544 0 -"^>7 


ff 

0 286 

0 386 

I 0 .’ 8.-5 0 .'S.’S 

Shorl coil->, 

3 

0 371 

0 215 

0 ^66:; 0 


A 

0 404 

j 0 167 

[ 

u ' 

! 

1 

0 

i 


Since these figures must also be modified in every case liy the coelTi- 
cicnl k corresponding to the K.MF., as has been explained abo\e, 
it is evident that they will differ but little from those of Table 1 1 
But it is not the less necessary to determine, from a drawing of the 
machine, the lireadth of the flux before applying it in these formula-, 
and therefore to correct the reactions in order to lake account of the 
saturation of the different parts of the armature and of the pole pieces. 
This correction is made by assuming the magnetic conditions 
which are approximately attained in the machine at full load. The 
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mean flux-densily is then known whidi must be developed in the 
air-gap, the teeth, and the pole pieces, and, moreover, one has from 
the curves of potential the value of the magnetomotive forces acting 
at all points of the air-gap. From this may he deduced the real 
flux-density at every point, and consequently the true variation of 
the total flux j)roduced by the reaction. These expressions of self- 
inductions given above should be consequently replaced by the integrals 
of the form 


q 2 \' 2/0, 




indicating by x the abscissa, and by y the ordinate of the curve, and 
R the reluctance per unit of surface at this j^oint. b represents the 
length of the armature, q the number of phases, N the number of 
peripheral wires per field. 

Case of Single-phase Alternators. The problem of the reactions 
of singic'phasc altcinalors is more complex than that of polyphase 
alternators, as will be seen. It docs not appear to have been fully 
understood by the authors who have previously tiealed it. It may 
be analysed by the same method as that which I have formerly developed 
for asynchronous motors,^ but taking into account this important 
difference, that, in general, the rotating reactions (lotating magnetic 
field with respect to the armaliue, which wc suppose fixed), aic su])- 
pressed in motors by the shoit-circuiled windings on llie rotor, ])Ut 
not in alleriiators, except in the case where they aie furnished with 
massive poles, or especially with the damping windings of Leblanc 
(which, however, only give a partial suppicssitm). 

I have shown that each coil of a single-phase armature jjiofluces 
a reactive flux capable of being decomposed in space into sinusoidal 
haj monies, of which the first, the only one which need be considered 

in practice, has for amplitude , denoting by ;//, the ampeic- 

tiirns of the coil, and by the reluctance of the magnetic circuit 

traversed by the flux which it produces. In accordance with the 
theorem of Leblanc, I decompose this pulsating sinusoid into two 
rotating sinusoids of one-half amplitude: one tinning synchronously 
with the rotor, and not displaced thciefoie with respect to the 
field -poles; it provides only a fixed reaction; the other rotate 


^ Blondcl, “Properlics of Rotating Magnetic Fields,'* Eckirage Rlecirtque^ 
May, igoS. 
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in the opposite direction with the same speed and is therefore 
displaced with respect to the field magnets with a speed double that 
of synchronism; this gives rise to a pulsating flux in the field magnets 
of frequency double that of the c*m.f. induced in the armature, as 
I have also shown experimen tally This reaction is somewhat weakened 
by the currents which ii produces in the closed circuit of excitation, 
but it is not completely extinguished and produces therefore an o.mi. 
of normal frequency in the armature which should be taken into con- 
sideration. But, while the fixed reaction may be analyzed, exactly 
as in polyphase allcrnalors, into direct and transverse reactions, the 
parasitical rotating reaction is ciTccted directly through the field mag- 
nets, as well as transversely through tlie pole i>ieccs, and may be 
represented, consequently, by a mean coeiTicicnt of self-induction 
similar to the self-induction of the stray field ios^ to which it is added, 

It may be directly demonstrated by calculations that this analysis 
readily lends itself to the interpretation of the facts,^ and that a 
single-phase alternator whose armature at rest piesents a self-induction 

' Blondch "Pholograiihic Record of Periodic C'urvcs/' Litmibre /Clectnqttc, 
August, 

* In fact, the self-induction of the arinaluic L, varying belween Oic two 
values ^ and according to position, may he represented by an e\j)rcssion 

L^A -I- B cos 2 (ot “p ats 

and ubhreviaimg, 


indicating always by 9 the inductance of the stray fields in tlic slots. I el 
c — A'^sinw/ be llie internal KM K, luul i — (ioi — </') the strcnglli of llie 
current, and there is iminedialely obtained as the i Inference of potential at the 
leiminals of the machine tlic following e.\i)ressioii: 


, dX (Ii 

u-^c-ri-L-~-i-p -ojs — 
(it (it (it 


li(0 


Replacing c, /^, t hy ibeir values, and neglecting a term — - eos whith 

j)rodiices an \i[)[)ei harinonit, lliere ri“ni«iuis 
u « /tpsin (ol — rifi sin ( n/t — '1^ ) — w ^ '1 — / q cos 'p i 


' l Or> 0)1 


— ft! ^ t H- /(,sin 'P sin w/ — (in/j, ctis (<u; — 'P 1 


= /:](, sin w/ — r/o sin ((uZ — 'p) | <,os 'P)" t.os 'p cos o)i 

— ^ /osm 'P sin (oi — w\/j,ujs (<ij— 'P) 

X X' 

The values of -- and ~ I'cprcscnling that which wc have uniformly denoted 


by / and /' for all the inachincs in the construction of llie diagrams 
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X when the poles are crossed, and an inductance of when they arc 
coincident, behaves under load, when tlie real dcphasing is ^ for 
example, as though the active current 1 cos (p traversed an inductance 

the reactive current 1 sin (If an inductance and the total cur- 

rent I a parasitic inductance - — equal to llie mean of the two 
preceding, 

In order to take into account the Foucault currents of the arma- 
ture produced by the rotating reaction, it is su/Ticicnt to apply a 
reducing coeOicient vi to its inductance, which is less than unity, 
evaluated according to the conditions of construction, and at the same 
time to increase the apparent resistance of the armature in accordance 
with the energy lost in these Foucault currents, since it is furnished 
by the armature. It is for this reason that wc attribute to this 
resistance a value in all of our diagrams. 

If the field magnets or the armature of the alternator are salu rated, 
the direct and transverse self-inductances will be replaced by equiva- 
lent back ampere- turns, again calculated as in my theory of rotating 
field: the sinusoid of the amplitude o, 2 Knl presents the mean ordinate 


2 . i a I 

- times smaller and is consequently equivalent to — 

JT lO 

turns. The value of K and Kt will therefore be for a single 

bobbin if it has the same breadth as the flux. If the winding com- 
prises several straddling coils, the coefiicients should be iniilliplicd 
by the straddling factor of the winding k\ finally if the flux of the 
poles is narrower than the pitch, it should be multiplied hy the factors 


(t) 




J . i^r (n 


a 

direct reaction and the 
analyzed above, ^ 


respectively 
coefficient of distortion 


the cocfiicicnt of 
for the conditions 


^ II is of course easy to pass from a single-phase machine to n polyphase 
macliine of two phases, observing that each phase gives a fixed reaeflon and a 
rotating reaction of the same amplitude, I have shown in my theory of rotating 
fields, already alluded to, that the fixed reactions unite in space and are added 
algebraically while the q rotating, parasitic reactions give rise to a resultant zero 
The coefilcientb K and A'/ arc then themselves theoretically expressions in all 
the machines independent of the number of phases (AT designating always the 
total number of peripheral wires), but the rotating, parasitic self-inductance 
disappears in polyphase machines. In this manner the return is made to the 
theoretical coefiicients of the polyphase machines. 
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To sum up, the case of the single-phase alternator should then 
be treated exactly by the same general formulae, the same construc- 
tions, and the same diagrams as in the case of a polyphase alternator, 
but under the condition of considerably increasing the stray flux 
wsif adding thereto a term representing the parasitic rotating in- 
ductance. The coefficient ojs is thus replaced by w 

values I and V are calculated by the theoretical coefficient of poly- 
phase machines (see p, 263) (taking into account the saturation of 
the circuits by the values given to R and 7 ?', as has already been 
seen above). In this manner a coefficient m of reduction will be 
determined less than unity, the more or less marked suppression of 
the parasitic rotating inductance by the Foucault currents induced 
in the surrounding non-laminated metallic masses, and in some cases 
in special damping circuits. 

Consequences from the Point of View of the Construction of 
Alternators for Good Regulation, The theory and the calculation 
for the reactances just as they have been above analyzed, lend them- 
selves to the discussion of the construction of alternators much better 
than the old methods We will proceed to give a few examples of 
such applications. 

(/I ) In so far as concerns the employment of short bobbins, (gener- 
ally abandoned by reason of the disfavor thrown upon them by 
windings of only three coils per field, which give terrible pulsations), 
the winding of six short bobbins which I have indicated (Fig 13) 
may be compared with the ordinary winding (Fig. 10) by means of 
the coefficients calculated above. The relations betw^een the K of 
the two being the same as betw^een the respective coefficients k oi the 
E.M F , it is evident that the advantage of the hhort Iwljbins from 
the point of view" of reactions, involves a loss of E M F. in exactly the 
same proportion. To re-establish the desired value of the latter, the 
number of turns of the armature must either be increased, consequently 
re-establishing the same reaction, or the flux density in the air-ga[> 
must be increased, and consequently the ampere-turns of the field- 
magnets as well as the losses by Foucault currents The two windings 
are therefore equivalent from the constructive standpoint when the 
field-magnet flux occupies the entire polar pitch. How’ever, short 
bobbins may be treated more rationally by reducing the breadth of 
the field-magnet flux to two-thirds of the field-magnet pitch in such a 
manner that the flux shall be entirely utilized in the coil. Further 
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increasing the flux-density, an e.m.f. is obtained equal to that in 
long bobbins, and the direct reaction remains in the same ratio with 
respect to the while the tiansvcrse leaction is reduced. The 

winding of Fig, 13, with a flux having the value of two- thirds of the 
pilch, is then that which for a given ratio of counter-ampere -turns 
of the armature to the ampere-turns of excitation, produces the smallest 
transverse reaction, This reduction is of considerable importance, 

(B) As to the methods of reducing reactions, it results from the 

preceding that there is no means of reducing the ratio The 

only means of improving the regulation, of alternators arc therefore, 
first, to saturate the field-magnet circuit (which augments the m,in.f. 
and reduces the variations of e.m.f. at the armature terminals as a 
function of the reactive current); second, to increase the aiugap, 
which is less effective; and third, to reduce the transverse reaction, 
which has the effect of diminishing the dephasing of the diagrams, 
and consequently the direct reaction, which is proportional to the reac- 
tive current. An alternator which would not have transverse reaction, 
would have nothing to fear from direct reaction, even if it were 
enormous. 

The methods of reducing the transverse reactions alone arc: First, 
the reduction of the breadth of the flux accompanied by an augmen- 
tation of the flux-density in the air-gap, re-establishing llic same 
field-magnet flux at the expense of the increase of the flux-density; 
but in that case the same result would be olUaincd by a simple 
increase of the air-gap, without an incieasc in llie loss of energy 
in the teeth; second, the saturation of the polar horns when tiic pole 
pieces possess them; third, the addition of longitudinal slots in the 
fie Id -magnets, as in diiect-current dynamos. This last method Is 
very effective when the field magnets are saturated and tlie slots 
occupy tlieir entile length and are continued paitially into the yoke; 
the reduction of distortion thus obtained involves generally a 1 eduction 
of the total flux, because the mean permeability of the field magnet 
is reduced by the inequality of the ni.m.f.^s established between its 
two halves; but the augmentation of excitation which results is neg- 
ligible in comparison with the diminution obtained in the iciclive 
current by the reduction of dephasing. 

(C) As to the comparison between single-phase and polyphase 
alternators, it is seen that not only do single-phase alternators utilize 
less effectively their materials for the production of energy, because 
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their armature surface is less utilized for e*m,f,, but also their arma- 
ture reaction gives rise to a hurtful, parasitic sell-induction 'which 
docs not exist in polyphase alternators and which reduces their good 
regulation* This parasitic inductance can only be partially suppressed 
at a cost of the expenditure of energy equivalent to a considerable 
augnnentation of the apparent resistance of the armature* 

RAsumk and Conclusion 

To sum up, it has been established in this paper that the theory 
of two reactions of the armature admits of analyzing the phenomena 
of alternators with greater precision than the old theories, l^eskles 
having the advantage of referring them to conditions similar to those 
of direct-current machines* Simple diagrams arc given applicable to 
alternators of saturated field magnets and iinsaturalcd armatures 
(Fig* 4) and even to saturated armatures (Fig. 7) without involving 
ii complicated correction. 

It has been indicated how to calculate the coeflicienls of reaction, 
not only theoretical, but also actual values, by means of curves of 
magnetic potential in the air-gap. Interesting relations have been 
established i)ctwccn these coefTicicnts and those of the induced e.ni.f. 

Comparisons have been cslablisiied between the different types of 
winding, and the advantages ixissiblc for a sjiccial winding with short 
liobbins have ))cen made evident. 

It has been shown that singlc-idiase altcrnatois may Ijc tieated 
i)y the same metlmds, adding, however, to the indiutame of the stray 
(leld a jKirasitic inductance which does not exist in polyjihase nuuhines. 

I'inally the consideration of the transverse reaction has pcrinilled 
the discussion of a construction in view of good regulation, showiiig 
the interest which attaches to reducing the cociTuient of distortion 
in alternators, and indicating the means of such reduction. 

The author hojjcs that, thanks lo simplicity of application, much 
greater than is often believed, and liy its relations with the lhc<5ry 
of diiect-currcnt machines, this method of calculation (in which he 
lias had ]iractical expeiience for several years) may be of service lo 
designers and satisfy the need of raticmal precision in this work. 



CHAPTER 11 


METHODS OF TESTING ALTERNATORS ACCORDING TO THE 
THEORY OF TWO REACTIONS ^ 

f t 

Dy Prof. Andrk Blondel, Kcok dcs Ponis el Chausshs. 

Tjie author described in the Bulletin de la Soci 6 tt des Elcciriciens 
in 1892 a method of testing alternators similar to that of Hopkinson 
for direct-current machines, which permits of studying both their 
efBciency and ihcir armature reactions, under the same conditions 
of operation and without a large expenditure of power, under the 
sole condition that the two alternators shall be similar. This method 
depends upon the ligid coupling of two similar alternator.s. Later 
the author published a variation of the method wliich does not call 
for the rigid coupling between the altcrnatois, hut which consists 
in operating the ullernator on test as a synchronous motoi, l)y tlie 
aid of an auxiliary alternator.^ The alternator under lest revolves 
on no-load, as a motor, under the normal current. "I 'his method has 
been designed particularly to deteiminc the eiTicicnty with greater 
precision than by separating the various losses, 'Fhc objed of the 
present paj)er is to complete and yet further peifect this method hy 
pointing out how it may be likewise used for measuring armature- 
reaciions (especially by the employment of two reactions, set foith 
in the preceding chapter). 

Method No. I. When the Rigid Coupling of the two Alternators 
is Possible. When two similar alternators aie available, and when 
they can be ])laccd side by side so as to be coimcclcd rigidly by a 
short coupling, the following tests may be carried out (Fig. i): 

First a certain clIfTerence of phase a- is provided between the 
alternators (for example, a phase -difference of 30°, that is to say, 
one-sixth of a pole, or 45®, that is to say, one-fourth of 

^ A paper presented by the author before the International Elec trical Congress 
nt St. Louis hi 1904. Reprinted from the Transactions, Vol, I, pp, 620''634. 

^ See La LumUre 6 leciriquCt 1893, 
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a pole. The system of two machines is driven by a meas- 
uring motor whose duty it is to furnish the power necessary 
for satisfying the losses. Between the two alternators A1A2 
(Fig, 18) whose terminals are connected each to each by very 
short couplings of negligible imped- 
ance, a volt-meter V is connected across, 
an ammeter A and a wattmeter W being 
inserted in series. The figure is drawn 
upon the supposition of two single-phase 
machines, but applies equally well to the 
case of two similar three-phase machines 
coupled by their three phases, testing upon 
a single phase, taking care that the phases remain balanced, in spite 
of the measuring instruments. 

Let U=OB (Fig. 19) be the difference of potential observed at 
the common terminals, OAi and 0/1 2 the direction of the generator 
e m f ’sdephased relatively to each other by the angle a. By sym- 
metry, the vector Ob^ which represents the current, will also be directed 
along OB, and the line A1A2 drawn from B perpendicularly to U 
and ly will represent the double transverse reaction 2(oDI There 
will be a flow of current between the alternators 
without the production of any external power. 

The current will be in phase with the E.M.F. 
at the terminals t/, as if the alternators sup- 
plied a conducting system devoid of induct- 
ance , the flux density obtained in the armature 
will be the same in both alternators, since it 
gives rise to the same E.M.F. at the terminals 
U. The power furnished by each uill be 
measured by the wattmeter If, and the total 
loss p will be furnished by the method of double -weighing, by means 
of the measuring motor which drives both alternators The efficiency 
wflll then be the ratio 



w 



Bu= 


U1 


Vl+^ 

2 


To determine the excitations necessary for the two alternators 
to produce the condition above described, it is sufficient to apply the 
graphic method of two reactions, as follows (Fig. 19)* from the point 
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B a perpendicular BC is let fall upon the straight line OA\y and tlie 
condition is such as if the alternator were delivering power to an 
inductive system according to the total characteristic of excitation 
(Fig. 20), The current I is formed of two components: one an 
active component Oa^ equal to the projection of 7 upon OAy and 

which gives the transverse reac- 
tion BC equal to wLIw; fhe 
other component is a reactive 
or reactive component ab, which 
gives the fall of potential to be 
calculated on the characteristic. 
Let us lay olT on this charac- 
teristic (Fig. 20) an ordinate 
equal to OC, and upon the 
latter a segment CD equal to 
the e.m.f. lost ))y the stray 
field. From the point D lay off horizontally the counter am pe re- 
turns of the armature, and thus will be obtained on the abscissa 
O^P the total ampere -turns necessary for the excitation. The 
ordinate FP' corresponding thereto will icpicsenl the c.m f. 
E on open circuit necessary for alternator Ai and which will be, 
in general, different from the length of OAi which was rei)rcsented 
in Fig. ig. 

In the same way the e.m.f. is determined which is noccssaiy 
for the alternator OA^y observing that for the latter the sign of the 
react’ve armature-reaction is changed, as well as the sign of E- 
and that, consequently, the armature reaction remain.s demagnetizing, 
so that the geometrical construction is identical. It is, theicfore, 
easy to recognize in advance the equal excitations to be given to the 
two alternators, in order to satisfy the dcsiied conditions. It should 
also be delei mined at the time of the test, by means of the waltmcler, 
that there is no sensible difference of phase between the current and 
the e m.f. Inversely, if this condition wcic diiecLly icalizcd by 
adjusting the excitations, it would be possible to deduce fiom an 
examination of the diagram the total armature-reactions represented 
by the abscissa OPj indicating the (otal fall of excitation between 
the open circuit e.m.f, and the e.m.f. under load. In the latter 
case, the fall due to the stray field is not separated from that due to 
armature reaction. 

The same diagram gives immediately the value of the transverse 
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reaction, since the angle a is known cxpcrimcnlally, and the values 
of U and I can be consequently measured. This gives 


AxB^(oTM-=U i&n 

2 


from which IJ is known as a function of a-, V and L 

The same method permits varying the angle a successively, and 
repealing the operation, commencing each time with the same voltage 
at the terminals £/, and thus tracing the entire characteristic of an 
alternator operating upon a dead resistance. 

The above method gives immediately the values of the direct 
and transverse armature reactions. As to the cocHicienl of self-induction 
of the stray field it may be determined for any given alternator 
by the method indicated later on. 

A lest may then be made of the two alternators coupled together, 
without any angular difference of phase between them. The e.m.f/s. 
ami H2 arc then in simple opposition of jjhase, and the diderence Ei — 7?2 
will pioduce a le sultan I current which may be regulated in strength 
by regulating the difference of excitation, and which current is clcpluised 
l)y neaily 90° The diagram is given in Fig, 21, where OCi and OC2 


c. 




(R,t n,)i 


10 

Ft(r 21 



are the two iiUeinal e.ni.f 'The dilTeientc C1C2 rcpieseiUs the 
fall of jiolential due to the impedance of the (iicuit of the ai matures, 
and which tan be decomposed into two tcclangulai straight linos, 
C)F rcpiescnting the total ohmic drop due to the cinieiU, 

and the total reactive djop in the armatuies. Projecting F upon 
C’lCj, a vectoi is obtained, wbidi dilTers but little from C2C1, 

and which represents the fall of potential of the two machines due to 
direct reaction. If the characteristic of total excitation be then drawn 
as in Fig. 22, this drop will rcjiresent the sum of the two drops due 
to the reactive current, of which one CCi is positive and the other CC^ 
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is negative* It is easy to mark these oil on the characteristic, In- 
versely, the drops due to the reactive current about the point C may be 
deduced, and thus the coetTicient K of direct reaction. It is suflicient, 
starting from the point C, to trace two segments, CCi, CC2, representing 
the two drops, and to trace the horizontal Ci 7 \, C272; thence the 
abscissas O/i, O/2, which represent the virtually lost ampere-turns. 
If the segments CDi, CD2 arc known, which reprcscnl the e.m f.^s. 
of dispersion, and if the horizontal straight lines are drawn through 
Di and /)2> the corresponding abscissas i\ and permit of calcu- 
lating exactly the back ampere-turns, /i/i', /2/2'j represented i^y the 
armature, and which should have equal magnitudes. 

Method No. 2. Applicable to a Single Synchronous Machine 
Operating upon an Actual Conducting System. When only one 
alternator is available for the test, it is not possil)lc to proceed so 
conveniently as in the last case, and, in particular, Ihe ]dan of testing 
with variable angles of coupling must be given up, 

A similar test to that which we have indicated a])ove can, how- 
ever, be made by driving the alternator on open circuit as a syn- 
chronous motor supplied from the conducting system on which it 
is to be employed (supposing the factory to liave otlicr allcrnatois 
already installed) or by a current furnished from some othei alter- 
nator of equivalent power. The alternator, or alternators, serving 
as the source, will then be excited in such a manner as always to 
maintain the voltage constant at the terminals of the alternator under 
test which operates as a synchronous motor; this voltage be big the 

normal voltage of opcialion, llic ex(it;i- 
tion of the motor is to he varie<l, as if it 
were desired to obtain tho V-cuivc of 
constant voltage. The latter gives by 
its minimum ordinate AB (Fig, 23) the 
value of the ohmic losses (at current 
/o), and the indication of the condi- 
tion of excitation OA corrcsjiondiiig to 
a power-factor equal to unity (cos c/>^ 1 ) 
— at least on the hypotliesis tliat the 
elTects of harmonics in the c m f. 
are inconsiderable. For any other excitation Oa, the strength of the 
reactive current may be obtained by constructing upon ab a triangle 
of which the angle at b is given by the wattmeter. The side 
differs little from BA^ that is to say, from the active current on 
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open circuit; ad then represents the reactive current U- The value 
of the reactive current delivered or received by the motor may then 
be deduced from the V-curve for all values of excitation. If reference 
is made to the characteristic in Fig* 24, on which OC represents the 
normal c.m.f, at the terminals, the knowledge oi Aa gives for each 
value of the current Id the corresponding value of the total lost ampere- 
turns OF^Aa, A curve of these ampere-turns may then be drawn 
as a function of Idt and the total fall of potential CD thus deduced 
from the chart for every value of the armature current. This method 
docs not separate the reaction into two parts according to theory, 
but it gives exactly the required result which makes it possible to 
calculate the fall of potential for each value of the current and of 
the phase with respect to the mean e.m.f. CD which the armature 
designed to supply. 



To com):>lcLc this indication it is sufTicient to know the transverse 
reaction. 'I ’his may be determined leadly enough l)y tlic same 
e\j)eiiment if care be taken to measure (he phase angle^ 0, of the cm* 
rent with ics])ect to the mean e.m.f. at the terminals. Let us, then, 
draw (Fig. 25) (he synchr*onoiis moU>r diagram with OA to lepiescMil 
the internal induced e.m.f., /f, and OH the mean voltage, at 
the terminals, then the geometrical dilTeiencc, d/i, will represent 
the fall of potential due to impedance, which may be le.soivcd into 
two vector's, one of which (HIJ) represents the ohmic dr'op, and the 
other (//.I) the fall of |)olenlial wVl calculated as a function of 
the tr-ansversc reaction. Knowledge of the angle (/> and the cur rent 
sli’englh / enables the point 11 , und also the direction-line IJA, to 
he deter mirK’d. Knowing, from the experiments set forth below, 
the angle of lag, (jy^ of the internal e.m.f., H, (whose dii'cction, OA, 
can thus he dr’awn) it is only nece.ssury to take the point of inleusection 
of OA with the dir'cctiondine JJA to locate the |)oint J, and, conse- 
quently, to be able to complete the triangle OIIA, The length of 
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IIA gives, at once, the value of the transverse inductance V, The 
same determination can therefore be made over again with increasing 
values of 0, by simply increasing the excitation each time. The 
greater the lag-angle, the more accurately IJ will be determined. 

It may be noted, moreover, (Fig. 25 a), that if a line {BD) is drawn 
from B peipendicular to 0/1, the portion intercepted {OD) corre- 
sponds to the e.m.f. e obtained with no-load. The dilTcrencc 
DjV=E—c therefore gives, in volts, the value of the armature- 
reaction produced by the reactive component of the output current. 

When the angle at /I (Fig. 2 ^ 0 ) is very small, we have substantially, 

DA -Zil cos A - wLf/rf, 

Let 

If we let Lrf = the direct reaction, then, for a very small variation 
of the excitation we can write 

DA^ =(iiLaT,ii 

whence AA' ^u}(Li- Ld)h- 

Instead of cvalualing in the preceding test the act've cuncnl 
in order to deduce the reactive cuiient /</, it would be easy, if a 
measuring motor were at hand, to make this deliver diretily to the 
shaft of the alternator operating as a synchronous motor the neteshaiy 
power for driving the motor, in such a mannci that AB on the V-( ui ve 
(Fig. 23 ) becomes iiiL But the same icsult may he obtained yet moie 
easily when a steam alternator unit has to he tested, by admitting 
to the engine just enough steam to satisfy the losses both of tlie engine 
and alternator, so that the alternator only receives a reaU've current. 
With this object, the steam admission may be regulated in sudi a 
manner that the alternator, excited so as to give on open ciicuit the 
normal e.m.f. U of the system, runs idly in synchronism; then no 
change is made either in steam admission or in the pressure, and the 
operations arc conducted entirely on the electric side of the alternator, 
connecting this with the system and varying its excitation so as to 
develop the V-curve. It is possible to measure in advance the ele(- 
tric power necessary to drive the alternator and its steam engine on 
open circuit, and thus to deduce the total losses on open circuit. 
The power wasted may thus be measured by the steam-engine 
indicator-diagram, which permits of determining the constant of the 
curve of steam consumption as a function of the power produced 
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(a curve which generally is nearly a simple straight line); it is also 
possible to separate the mechanical losses^ first making this test without 
field-excitation, and then exciting the field-magnets so as to obtain 
the normal e,mA} 

Summing up^ this test permits of determining, with a fair approx* 
imation, the losses on open circuit and then on load, without being 
obliged to actually develop these losses by full-load in the alternator 
as well as the corresponding heatings. 

From an electrical point of view the same lest permits of deter- 
mining the total values of the direct reaction as a function of the 
reactive current, and the constant V of the transverse reaction. If 
it is desired to analyze these phenomena more compLelely, the value 
of (OS may be determined as follows: 

Determination of <os. For this purpose the following consider- 
ations arc made use of (the basis of which is the method of calculation 
of the short-circuit current given by Kapp, which docs not lend itself 
to experimental verification): 

Let ONM be the characteristic of excitation; that is to say, the 
curve of the armature c.m.f. as a function of the exciting ampere- 
turns. Suppose the excitation to l^e constant and equal to 0/1 
ampere-tuins, giving an c.m.f, represented by AM. Suppose the 
icaUance sought for to be known 
and also the shoil-ciranl (urrcnl 7^^. 

If a i)oint P is taken on the curve 
whose ordinate is equal to the 

corresponding segment of the abscissa 
All will measure the back ampere- 
turns of the armaiuic If ihe 

calculated values of ojs and of K are 
taken, the diiec'lion of the sti night line 
AP is known, and the line may be 
traced from which the value of /^(.may 
be deduced. This is the constiuc tion of Kapp. Wc shall take uj), on 
the conliary, the inverse problem, supposing determined by expet i- 
ment and seeking to deduce tiom it the two constants K and oay. 

The following observation may then be made. If tlie segment 
AH Idc taken as the measure of the shoit-circuit current tind a 
segment AB as the measure of any other reactive current la to ilic 

'The total efficiency of the engine and nllcrnalor unit may also be obtained 
later at load by means of the engine diagram. 
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same scale of volts at the terminals corresponding to this reactive 
delivery, this segment will be equal to the ordinate QN^U^ taken 
between the curve and the straight line AP. In fact, the back ampere- 
turns will then be equal to AB^ and the loss of voltage by dispersion 
equal to BQ^ by reason of similar triangles. Besides, the point G 
divides the straight line /IP in the ratio of the curient 2 ^ to the short- 
circuit current /cc. 

Thus arranged, suppose that any reaitivc current he taken 
experimentally at the corresponding e.m,f, U\ the point Q will be 
determined by these two conditions: its vertical distance from llic 
curve of excitation is equal to V and its radial distance from the 

point A is equal to ~XAP. 

ice 

The point is found, therefore, at the intersection of two new 
curves that are easily drawn: a curve parallel to ONM liat'cd at 
a vertical distance U below the former, and a curve homothetic 
to the curve of excitation with respect to the point /I, with lioino- 

ihetic ratio These two curves arc jjarallcl in their rectangular 

2cc 

parts, and separate as much one from tlie other as llic point is 
selected further beyond the bend in the characteristic. 'They would 
coincide if the point M were below the bend. The experiment should 
therefore be made with an excitation OA sulTiticnt clearly to puss 
the bend. 

The test is made by causing the alternator to operate first on 
short-circuit, and then upon a reactant c-coil having an ojien mag- 
netic circuit, or upon an undor*-cxtitcd synch lono us motoi, giving 
cosc/> less 0.20, that i.s to say, a current almost ciUiicly teactivo. 

It is undeistood that if not only one, but also several, reactive 
circuits arc tried, the straight line PQ will be still beltoi determined 
thereby, and consequently ws will be known with coirestjondingly 
greater precision. 

Analogies between this Method and that of Potier-Behrend, 
It is possible also to follow a somewhat dilTcient course, by causing 
the alternator under test to operate upon an inductive circuit with 
cos(/> nearly o (for example, upon a synchronous motor driven Ijy 
a motor adjusted in a manner to pioduce just the power consumed 
at light loud), and by varying the excitation of the alleinator; in 
this manner a conslanl reactive-cuneni curve is obtained, from which 
may be deduced, by the method of M. Potier, the coeflicient of the 



METHODS OF TESTING ALTEBNATORS 


270 


back ampero-lurns, and the cocflictent of the stray field, but which 
is not directly applicable to the ordinary problem of the calculation 
of the ampere-turns necessary for constant voltage, 

This method is one of those which was devised by Mr. 13 , A. 
Behrcnd^ who recently published a number of applications ol it. It 
is wholly diiferent from the preceding, in which the voltage is main- 
tained constant at tlie terminals instead of the currcnl. 'J'hc same 
author employs also another method, which consists in dividing the 
field magnets into two equal parts to which are given exciting currents 
of opposite sign and slightly different strength, so as to develop in 
the armature a certain current, which is necessarily reactive while 
developing a mean Hux-density sensibly equal to that in normal 
operation. This test may appear equivalent to that which is obtained 
by means of two alternators mechanically coupled and set at opposite 
phase (sec preceding Method No. i), with the simplification, however, 
that only one allcrnalor is employed; but as the current thus obtained 
is only a reactive current, the conditions arc not identical with those 
of the preceding method, but only equivalent to method No, 2 above 
described (see (he ease of the alternator o]>crating as a synchionous 
motor on no-load). It is not, besides, sufficiently rigorous except 
ft) I iillcrnatois having a huge number of jmlcs, becaii.se wlien there 
aie hut few poles Lhe pieseiue of (wo ))oles of the same sign side by 
side upon the field magnet at twt) points on the lattei would seem 
to modify notably the (ondilions of the magnetic circuit. Conse- 
(jucnlly, Method No 1 is i)iefcrable when it can be 
employed 

Method No. 3. For the Determination of Trans- 
verse Reaction {coeflicient L). Besides the pieced- 
ing methods, seveial olheis may also be pointed tint c 
whidi aie very simple foi llie ileteiminalion of the 
transveise leatlion, and which avoid the objet titm 
so often made to the diagnim in whlth this re at lion 
appear.s. Moreover, the oscillogiapli (or tjndo- 
graj)h) permits the teal angle of dcjihasing (,'f to 
be measuied l>etween the inleinal e m f A (Fig. 27) and the t urrent, and 
gives immediately, in consequence, the value ol A, when the alleinator 
opeiates upon a non-inductive resi.staiKe <[j^o, by the etpiulion 



Fit, 27, 
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from which 



With the oscillograph, for example, it suflices to place upon the 
shaft, or upon one of the pole pieces of the rotating fielcl-magncl 
(Fig. 6o), a contact segment S upon which rub two bruslic.s 
connected in series with a battery, one of the oscillographs O of a 
double-oscillograph apparatus, and the electromagnet e which controls 
the release of the shutter. The contact segment 5 , insulated from the 
base, closes the circuit upon its passage below the brushes, and opens 
it again at the precise moment when the brush B leaves it. A segment 
is selected large enough in order that the shutter shall have lime to 
open before the rupture of the circuit, in order that the latter may then 
be photographed upon the plate in the form ot a vertical line inter- 
secting the straight-line zero furnished by one of the o.scillogruphs. 



Fig. 28. 


The second oscillograph of the system, 0 \ is connected to the tciminals 
of the alternator and serves to register the e.m.b U at the tciminals. 
Two experiments are made on two difTerenl plates, or upon the same 
plate after having slightly displaced the zero-line piodiueci by the 
oscillograph O, so as to distinguish the two different recouls. 'The 
c.m.f. at open circuit is then marked upon it, and next the e.m.f. 
when the circuit is closed upon a dead resistance, at the same time 
that the current I delivered thereto is measured. In these two tests 
the distance is measured from the zcio of the curve of o.m.f. to the 
point of intersection by the vertical with the 2ero-linc. The difference 
between these two lengths thus measured determines the displacement of 
phase ot the e.m.f, at the terminals, that is to say, the angle of dephasing 
sought (taking for the value of 27: the length of a period measured U[K)n 
the plate, and taking the ratio of the measured retardation to this 
length). It is sufficient to take the values of of /, and of U in the 
preceding formula in order to determine the transverse reaction A. 

Figs. 13a, 14a, 15a and 16 (Chapter I) represent an example of the 
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determination o{ L made by this method in the laboratory of the 
Socidld Sautter-Harld & Company of Paris, which employs with success 
the methods described in this note. The curves of the first three 
figures have been obtained by means of the author’s oscillograph at 
the terminals of an alternator of 350 X.\V., and represent the periodic 
curves of the diflcrence of potential between these terminals when 
the alternator works on open circuit, then when delivering 62 
amperes, and finally 102 amperes, its normal load. The effective 
value of the c.m.f. was 1155 volts in star. The vertical lines 
represent the tracings produced by the contact of the contact-maker 
S, Figs. 130 and 15^ are printed upon one and the same sheet of 
paper, by causing the vertical lines to coincide, from which Fig. 16 
is produced, which shows clearly in evidence the dephasing between 
the internal c.m.f. E, and the pressure at terminals U. The 
dc[)hasing reaches 24^ 30' in the test with 102 amperes, and 19° in 
the test with 62 amperes. In applying the preceding formula (with 
r^- 2.5 ohms) the values arc obtained: 

w/.- (2.5X62 +1155) Xo.344-7.26 ohms, 

ioL = (2.5 Xto 2 + 1155) Xo. 566— 7 81 ohms, 

whicli didoi little (and would i>erhaps lie equal if greater precision 
had been taken in the incasuicmcnt of the phase-difference between the 
two auves). In piaciii'e one would take the mean value 7.5 ohms. 

It is evident that it is easy thus to determine the constant of 
disloj lion, and this justifies the employment of the theory of the two 
r(‘(u lions rather than the rough method of the “ curve of sliort-circuit,” 
whiih tomhhi'.s together the two often very different reactions. 

'file ondogiapli gives the same result, if one marks off successively 
u))on ihe same slicet of pai)ci the c.m.f, upon open circuit and then 
that on dosed ciii nil, and each time the mark, obtained when the 
apparatus is tiaveised by the cuiient coming from the brushes BB\ 
It is posssible lo dispense with making this mark, if the ondograph 
is diivcn, not i)y a syndironous motor, Inil by a llcxible coupling 
(onnecled inc{ hanirally lo the shaft of the alternator (with the inter- 
position of geai wheels, as in the recording mechanism of Franckc). 

Moieover, even in the absence of the preceding analyzing ajDpa- 
raius, one can approximately obtain the tiaiisverse reaction, or rathei 
its ratio to the diicct reaction, with unsaturated field-magnets, by 
sending, as M, Hcrdl has already suggested, into the alternator anna- 
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ture at rest, alternaling currents derived from any available external 
source, and measuring the apparent self-induction by the method 
of Joubert for the two characteristic positions of the field-magnet 
poles. The simplest method applicable to a star-wound alternator 
consists of sending an alternating current I through one of the phases 
which divides between the two other phases, starting at the neutral 
point, and which is received at its emergence by a connection applied 
to the two terminals Fig* 29 represents the connections: a 

is an auxiliary alternator of which the excitation is adjusted at will 
in order to vary the current /. It is easy to sec that an alternator 
thus traversed by a current is placed in the same conditions as if it 
were fed by three-phase currents at the moment when one of these 
currents passed through its maximum. This connection being made, 
the field-magnet is arranged so that the 
armature poles have their axes directed in 
a line with those of the field-magnet poles, 
and then in such a manner that these axes 
arc directed midway between the ficlcl- 
magnet poles. In each case the self-induc- 
tion developed by the current J is measured 
according to the method of Joul)Cit; the 
latio of the two mcusiiies is that of the 
direct self-induction to the transvcise self- 
induction, or of the coefiicients K and /v, a[)plicablc to these two 
reactions. If the cliiTcrencc of potential // is mcasuied between A 

u 
I 



and the center of the star O, the ratio icjjrcsonts the impedance 


of one phase. From this the inductance may Ijc clolei mined, siiue 
the resistance of one phase is known. This measuic made in tlic 
second position indicated above, gives, therefore, the i>ret ise and 
approximate value of the transverse inductance sought. It nni.st bo 
remembeied that this inductance also comprises the iJiductanco of 
dispersion] therefore has the value 


ioL- o}X-\-ioSy 

calling ioX the transverse reaction properly so called, not including 
the dispersion cos. 

Repeating the experiment for various values of the current, the 
constancy of the coefficient L may be determined. 
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If Eq, (i 4 ) on page i 6 be solved completely for i, the solution 
will include a transient exponential term depending upon the point 
of the E.M.F. cycle at which the circuit is closed. It is a well-known 
fact that this transient term becomes negligible a short time after 
the circuit is closed, and that when the impressed E.M.F. is sinu- 
soidal the current i will settle down to a sinusoidal form. 

In the present case both of the active E.M.F/s and 62) are 
assumed sinusoidal and of the same frequency; their resultant is there- 
foie sinusoidal as will be the current produced thereby. Then all the 
variables involved are sinusoidal and may be represented by vectors 
in such a manner as to indicate clearly their phase-relations. 


' B 



Referring to Fig. yl, draw OC, to designate by its length and 
direction the phase and magnitude of the internal or induced 
Ei of the generator, and OA to designate in a similar manner the 
internal or induced E.M.F, E2 of the motor. Then the resultant 
or vector-sum of Ei and E2 will be £, designated by the line OB. 

The horizontal line OX is taken arbitrarily as the zero of phase, ^ 

^ In Fig. A the instantaneous values of the various variables (eg,, ^1 and rj) 
are given by the vertical projections of the corresponding vectors (multiplied 
by VT), as the latter revolve counter-clockwise at constant angular velocity, 
0) = 2 ‘k», where n - cycles per second The diagram is shown at the instant t 
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/ 0 

and the LCOX^ Z.AOX——, This corresponds to the equations 
for Cl and <?2 on page i6, which show that when /=o, ci has a phase 
+“ and 62 falls short of exact opposition (i8o^) by the same angle 

where 0 is the angle between Ei and E2 projected backwards. 

E2 may be said to lag behind Ex by i8o^+0, or to lead Ex by 180^^— 0. 

The current produced in the circuit of the two armatures will 
be, I—ElZ and will lag behind E by the angle y whose tangent 
is AT-r-i?; where X and Z, (—Vr^+X^)^ are respectively, the 
resistance, the reactance, and the impedance of the whole circuit, 
including the impedance of the connecting line and the synchronous 
impedance of the two armatures; and X=2xwA=6)A, where L 
is the inductance of the whole circuit. 

By trigonometry 

B = VEiHE2^-2EiE2 cos 0, 

and since 

E-IZy and 7 =^, 

we have 

^Ex^+E2^-2EiE2 cosO 
^ Z Z 


and the current-phase (referred to OX) is -rc— p — y- 

These two relations stated algebraically, give as the instantaneous 
value of i, 


. V2VEi^+E2'^-2ElE2 cos 0 



sin (w^+x— p — y)) 


which is the same as the value of i given at the top ot page 17. 

The other forms of equations for i and I given on page 17 are 
deducible from the diagram of Fig. A. 
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Data Concerning Synchronous Motors or American 
Manufacture 

The Tables A and B, given herein below, contain data charac- 
teristic of good American practice in the manufacture of synchro- 
nous motors. In comparing these data with those characteristic 
of good European practice, as given in Part I, on page s, due allow- 
ance should be made for the rating conditions in the two cases. 
Thus, the normal frequency is 6o for the American motors, and 
40 for the European motors; and the kilovolt-amperes per horse- 
power are 746 in America and 736 in Europe, The power-factor 
assumed as a basis for rating is equal to unity for American motors. 
It is presumably the same, though not stated, for European motors. 


TABLE A,— SINGLE-PHASE AND THREE-PHASE SYNCHRONOUS 
ilOTORS OF AMERICAN MANUFACTURE 


Type 

No of Poles. 

R P M for 

60 Cycles. 

Pulley 

** 

v 

C 4^ 

If 

r 

Single-phase 

Three-phase, 

ss 

1 Q 

Face in 
Inches. 

H P 

Effic'y 

^ ca> 

KW of 

Trans. 

W 

Amp per 
Line at 

1 10 V 

M 

AT* 

4 

1800 

8 

3 5 

715 

6 5 


56 

6 5 

10 

•)S 

10 

AT* 

4 

1800 

10 

4 5 

1070 


' 82 5 

loS 

12 

20 

8q 2 

17 5 

AT* 

4 

1800 

12 

S 5 

I 53 S 

22 S 


183 

20 

35 

hss 

30 

ATRt 

6 

1200 

15 

8 

I 2250 

32 s 

8s 

263 

30 

50 

220 

45 

ATBt 

6 

1200 

i t6 

11 

2580 

43 5 

87 5 

335 

37 5 

67 , 

287 

55 

ATBt 

6 

1200 

16 

14 

3120 

65 

80 

495 

55 

roo 

422 

80 

ATBt 

8 

900 

21 

17 

438a 

87 

80 s 

660 

75 

134 

565 

no 

ATBt 

10 

720 

26 5 

I 

23 

6630 

130 

90 

980 

no 

200 

840 j 

160 


* Soll-cvcited 
t Separately excited, 

X Has direct-connected exciter, 
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TABLE B.-SINGLE-PHASE AND THREE-PHASE SYNCHRONOUS 
MOTORS OF AMERICAN MANUFACTURE 


Type. 

1 

0 

d 

Pulloy, 

i 

'g 

a 

M 

.g 

V 

«5 

h 

Slnglo-phasc. 

ThreC’phnso, 

.08 

Mi 

il 

PI 

& 

W 

‘0 

m 

w 


. 

0 « 

W 

o,.9 H 

r 

« 

G— j 

6 

1200 

II 

9 

1490 

23 

8s 

182 


36 

tss 

89-3 

G -3 

6 

1200 

IS 

12 

1940 

41 

87.2 

318 


61 

263 

91 

G- 5 

8 

900 

20 

12 

3150 

S8.S 
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All these machines have rotating poles and open slot stationary 
armatures, The field-poles are equipped, in addition to the standard 
field-coils, with a short-circuited winding similar to an induction- 
motor, which is utilized to make the machine self-starting as an 
induction-motor, and also as a “damper’' to prevent ‘Miunting’^ 
when running in synchronism. When starting, polyphase machines 
will develop from 20 to 50 per cent of their normal torque with 
from 100 to 250 per cent of the normal input in kilovolt-amperes. 
The single-phase machines arc not self-starting. 
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USE OF SYNCHRONOUS MOTORS FOR IMPROVING 
POWER-FACTOR IN AMICRICA 

It is well known that the power-factor of a system supplying 
current to rotary converters at various substations caji be mate- 
rially improved l)y over-exciting the field of the rotary converters. 
In some cases this benefit was considered of enough importance to 
wan ant ilie use of rotary converters which aie shunt- wound only and 
consequently can ])r(.)(luce no compounding effect. 

In a molor-generatoi set composed of a synchronous motor 
driving a continuous cil'rient generator the compensating effect due 
the ovei-excitalion of the synchronous motor-elejneiit is retained 
without sacrificing the compounding effect of the coin))ination. 
'riiis is one reason why moloi -geneiatut sets liavc been preferred 
in many cases lo n)lary convciters. 

Owing to the fact that llu* t'onijicnsating cfTecl is the same as 
that jirodiucd by a condcnsei the syncliionous motor producing the 
condenser effect” is often called a ” syiu'hionoiis condenser” oi 
a “ rotaiy condenser/* and also a “ synchioitous compensator,” 
'Fhe Standatds ('ommillee of the Ameiican Inslilute of IClectrical 
Knginecis gives the j^rcferc'me to another let in , pimse-inodifier,” 

as ajipeais fiom the following derinition given in the ” Staiuhndi/.a- 
lion Rules ” : 

” A Synchronous Phasc'-moclifieiv sometimes called a Synchronous 
Uondenser* is a synchionous motor, uinning cdthei idle or under 
load, whose nel(!-c\\citatic>n may l^e varied so as lo modify the power- 
factor of the circuit, or through such modilkaticin to in Hue nee the 
voltage of the circuit.” 
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The practice of designing the synchronous motor portion of 
motor-generator sets with special reference to their use as synchro- 
nous condensers has become quite general in America, Many 
articles and papers have appeared on the subject. A partial list 
of the authors is given at the end of the book. 

The following item, taken from 'Fhe Electrical Worlds refers to 
an interesting case where synchronous condensers have been used 
to great advantage; 

{From the Electrical Worlds March g, igiSi p, SdS) 

Overrating of Motor-generator Sets to Improve Power-factor. 
All motor-generator sets installed by the Detroit Edison Company 
are now specified with their motor-elements sufficiently larger than 
the generators to insure that, fully loaded, the motors can be operated 
at a leading power-factor of 8o per cent to improve the power-factor 
of the system. Operators are instructed to increase the field-excita- 
tion of their machines until the motors take full load cm rent at the 
leading power-factor. As the result of this practice, power-factors 
approaching within 97 per cent of unity have been observed at the 
bus of the generating plant, 

The Detroit Edison Company, through its Engineering Depart- 
ment, has kindly placed at the disposal of the Translator the follow- 
ing detailed information regarding this case: 


(Fiom the Engineer tng Deparhnent of the Detroit Edison Co ) 

The motor-generator sets referred to in the above item aie 
synchronous machines installed in the substations. They are sup- 
plied with 4600 volt A, C., and deliver 600 volt D. C. for railway, 
and 250 volt D. C. for the lighting, service. All are over-excited 
more or less; and the station operators arc instiucled to adjust the 
field so that the motors always take the full load current at a leading 
power-factor. This power-factor varies from 50 to 95 per cent. 

The total induction-motor load on the systems is about 19,000 KW. 
with a power-factor varying from 60 to 8$ per cent, lagging. The 
lagging current of such a load would lower the power-factor at the 
power-house bus considerably, but by means of the over-excited 
machines in the substations a leading current is provided to counter- 
act the lagging one, and a very good power-factor is thus main- 
tained. 
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The extent to which the power-factor at the povYcr-house bus 
is alTcctcd by the over-excitation of the synchronous motors is be^ 
shown by a vector diagram. ' y 

This was iigured from simultaneous readings on the 
generators at the power-house, and the synchronous motors at the 
substations. The average power-factor of the turbo-generators with 
a load of 31,100 KW., under normal running conditions, is about 
95 per cent, lagging, The reactive component of this is 9750 K.V. A., 
lagging. The total load taken by the synchronous motors is 10,735 



KW. with a powTi-factor varying fiom 50 to 9^; per cent leading, 
and tlic summation of all its reactive components at the vaiious 
|)Ower-factois is 8724 K.W.A. This leading component countetacls 
an ecjual lagging one, leaving a lesultant reactive lagging component of 
9750 K.V.A. on the whole system, conesponding to a power-factor of 
95 per cent. Without this leading component the lagging component 
would 1)0 T 8,474 K.V. A., which would mean a power- factor of 8^; 
pel cent. I-Ience it is seen that a ro per cent rise in power- factor 
IS ol)taincd by over- ex citation of the synchronous motors in our 
substations. 

Regarding the overrating of the moloi-ends of the motor- 
generator .sets, the following two examples of rating might Ije 
mentioned: 
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Machine No. i. (Installed under the old syslein,) 

Motor; Class, i0'-530-720. 

Volts, 4400. 

Amperes, 73 per phase. 

Exciter; Class, 6^7^720. 

Volts, 125. 

Amperes, 56, 

Generator; 500 KW. direct-connected. 

Machine No. 2, (Installed under the new system.) 

Motor: Class, 10 -^ 00 -^ 20 , 

Volts, 4400. 

Amperes, 92. 

Power-factor, 0.80. 

Exciter: Class, 6-8-720. 

Volts, 12$. 

Amperes, 64. 

Generator: 500 KW. direct-connected. 

It will be noticed that the motors of the new machines arc larger, 
and arc specified to operate at 80 per cent power-IacLor. This was 
necessary to allow for over-cxcitation in the case of machines of 
recent design. The old machines, however, will stand considerable 
over-excitation, because the design of motors was foimcily more 
liberal in overload capacity. 

A, A. M. 
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